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ABSTRACT 

It i s  h igh ly  d e s i r a b l e  t h a t  conditions aboard t h e  Apollo 
spacevehic le  be monitored arid recorded a t  the  t ime i t  
i s  i n j e c t e d  i f i t o  a l u n a r  t r a n s f e r  t r a j e c t o r y .  However, 
i n j e c t i o n  may kake p lace  i n  an a r e a  t h a t  i s  remate f rom 
t h e  ground support  network, and for t h i s  reason  cons idera-  
t i o n  i s  given to t h e  use of a i r c r a f t  for record ing  voice 
and t e l eme t ry  t ransmiss ions  f rom t h e  spacevehic le .  The 
record ing  per iod  considered i n  n ine  and one-half  minutes,  
made up of one minute before t,he s t a r t  of burn,  f i v e  and 
one-half  minutes dur ing  burn, arld t h r e e  minutes a f t e r  
burn.  Both VHF and S-Gand transmissionswould be recorded., 

Based on what appear  t o  b e  reasonable assufiptions,  i t  i s  
found t h a t  two a i r c r a f t ,  properly s t a t i o n e d  and provided 
w i t h  s u i t a b l e  r ad io  eqkipment, can cover  t h e  i f i j ec t ior ,  
pe r iod ,  One would cover  t h e  first, or low a l t i t u d e ,  
p o r t i o n  of t h e  t r a c k ,  and the o t t e r ,  t h e  l a s t ,  or h ighe r  
a l t i t s d e  p o r t i o n .  Large antennas and lDw-noise r e c e i v e r s  
a r e  r equ i r ed  i n  the  a i r c r a f t .  Because of l a m c h  de lays ,  
and because of t h e  p o s s i b i l i t y  of i n j e c t i n g  on any one of 
t h r e e  o r b i t s ,  i t  i s  not poss ib l e  t a  determine ahead of 
t ime just where t h e  a i r c r a f t  s h o u l d  be s t a t i o n e d .  Thus, 
a d d i t i o n a l  a i r c r a f t  a r e  required because of t h e  r a p i d  
westward movement of t h e  i n j e c t i o n  o p p s r t u n i t i e s .  Five 
j e t  a i r c r a f t  (no t  co,,ritlng spa res )  would be needed t o  
cover  i n j e c t i o n  on any m e  of t h r e e  o r b i t s  i m  the  P a c i f i c  
i f  t h e  launch azimuth spread i n  any one day i s  7 . 3  more 
than 26 degrees .  
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1. INTRODUCTION 

It i s  probable  t h a t  t h e  Apollo spacevehic le  w i l l  not  be 
wi th in  communication range of a s h i p  o r  shore s t a t i o n  a t  
t h e  t ime i t  i s  i n j e c t e d  i n t o  t r a n s l u n a r  f l i g h t .  Never- 
t h e l e s s ,  i t  i s  important  t h a t  cond i t ions  aboard t h e  
spacevehic le  be monitored during and j u s t  a f t e r  t h i s  
powered phase of t h e  m i s s i o n ,  T h i s  memorandum cons ide r s  
some of t h e  a spec t s  of a proposal t h a t  has been made by 
NASA t o  u t i l i z e  C-135 type J e t  a i r c r a f t  t o  record  communi- 
c a t i o n s  i n  t h e  remote a r e a s  where i n j e c t i o n  may occurD 

The communication l i n k s  s tud ied  here  a r e  l i m i t e d  t o  those 
r equ i r ed  f o r  record ing  purposes, t h a t  i s ,  one-way r a d i o  
channels  from t h e  spacevehicle  t o  t h e  a i r c r a f t ,  It; i s  

t h e  approximately f i v e  and one-half minute burn pe r iod  and 
f o r  about; t h r e e  minutes t h e r e a f t e r ,  I n  add i t ion ,  a recbrd-  
i n g  t ime of one minute preceding t h e  beginning of powered 
f l i g h t  has been proposed, Thus, t h e  t o t a l  pe r iod  of r a d i o  
c o n t a c t  would be about nine and one-half  minutes.  The stclred 
informat ion  would be analyzed on t.he grour,d a t  a l a t e r  t ime. 

des i red  to r e c o r d  yo i re  ar!d t e l e m e t q y  t r snsmiss ions  during 

The informat ion  t o  be recorded w i l l  be r a d i a t e d  a t  VHF and 
S-band f requencies  and w i l l  o r i g i n a t e  i n  t h r e e  d i f f e r e n t  
s e c t i o n s  of t h e  spacevehicle:  
(CSM) t h e  Ins t rumenta t ion  U n f t  (IU) and t h e  S-IVB boos te r ,  
There i s  a t o t a l  of 10 r ad io  channels  t o  be recorded, a s  
fo l lows  : 

t h e  Command/Service Module 

From t h e  Command/Service Module 

1 VHF Double-Sideband ( A M )  Voice C i r c u i t  
1 VHF PCM/FM Telemetry C i r c u i t  a t  51.2 kbps 
1 VHF PAM//FM/FM Telemetry C i r c u i t  
1 Unif ied S-band C i r c u i t  f o r  Voice, Telemetry 

( a t  51.2 kbps) and Ranging 

From t h e  Ins t rumenta t ion  Unit  

i VXF FCM/FM Telemetry C i r c u i t  a t  72 Kbps 
1 VHF PAM/FM/FM o r  SSB/FM Teiemetry C i r c u i t  
1 S-band PCM/FM Telemetry C i r c u i t  a t  72 kbps 

From t h e  S-IVB 

1 VHF PCM/FM Telemetry C i r c u i t  a t  72 kbps 
2 VHF PAM/FM/FM - o r  SSB/FM Telemetry C i r c u i t s  
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It i s  understood tha t  a l l  of t h e s e  c i r c u i t s  may be used 
s imultaneously;  thus ,  t h e  recording system must be capable  
of handl ing  a t  l e a s t  10 channels.  A t  t h e  p re sen t  t ime, i t  
i s  not  known whether t h e  PAM/FM/FM o r  t h e  SSB/FM system 
w i l l  be instrumented f o r  t h e  Apol lo  LOR mlssion,  The l a t t e r  
system w i l l  perform a s  wel l  as ,  o r  b e t t e r  that=, t h e  former 
system i f  t h e  c a r r i e r - t o - n o i s e  r a t i o  i n  a giver, RF band i s  
above t.he FM t h r e s h o l d ,  O n  t h i s  b a s i s ,  t h e  PAM/FM/FM system 
has  been s e l e c t e d  f o r  t h e  t ransmiss ion  s t u d i e s  i n  t h i s  
memorandum 

0 

It i s  f u r t h e r  understood t h a t  the S-band systems w i l l  
opera te  i n  t h e  2200-2300 me range, and tha t  t h e  VHF 
systems w i l l  be a l l o c a t e d  f requencies  I n  t h e  216-260 me 
range f o r  te lemetry,  and i n  the  290-300 me range f o r  
doil7uie - si&z"uaiid AI,? .rnJ A,. 

V U A b G  0 

A l l  systems except t h e  un i f i ed  S-band ( i n  t h e  CSM) w i l l  
have a s i n g l e  mode of  opera t ion  which w i l l  be e s t a b l i s h e d  
before  t h e  mission, The CSM S-band system may ope ra t e  i n  
any one of s e v e r a l  modes, It i s  assumed t h a t  t h e r e  w i l l  
be a pre-arranged schedule f o r  the use of these modes, but 
w i t h  t h e  p o s s i b i l i t y  of  an asSronaut ove r r ide  i f  cond i t ions  
should warrant  i t .  There a r e  t h r e e  modes t h a t  a r e  r ep re -  
s e n t a t i v e  of t h e  types  of s i g n a l s  t h a t  d g h t  be generated 
du r ing  t h e  t r a n s l u n a r  ir ,Je@t%on and they  have been s i n g l e d  
out f o r  s t u d i e s  of t h e i r  t ransmiss ion  performances. They 
a r e  : 

Mode A - voice aGd 5 l , 2  kbps t e l eme t ry  
Mode B-1 - voice,  5E,2  kbps te lemet ry ,  and 

Mode F - emergency LPeice 
ranging 

I n  a d d i t i o n  t o  the a n a l y s i s  o f  t r ansmiss ion  performarice of 
t h e  var ious  r a d i o  c h a m e l s ,  e s t ima tes  a r e  made i n  t h i s  
memorandum of t h e  number and l o c a t i o n  of a i r c r a f t  ( a t  7 
n a u t i c a l  miles a l t i t u d e )  requi red  t o  cover  t h e  nine and 
one-half  minute i n j e c t i o n  per iod ,  Because o f  launch de lays  
and o r b i t a l  f l i g h t  check-outs,  t h e  t ime and l o c a t i o n  of 
i n j e c t i o n  cannot be p red ic t ed  s u f f i c b e n t i y  f a r  i n  advance 
t o  s t a t i o n  a i r c r a f t  i n  t he  optimum pos%tior,s.  For t h i s  
reasono t h e  ope ra t iona l  problem has  been analyzed and an 
e s t i m a t e  made of the minimum number of a i r c r a f t  r equ i r ed  
t o  cover  t h e  i n j e c t i o n  oppor tun i t i e s  i n  one ocean a r e a  on 
a s i n g l e  day. 
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2. SUMMARY 

If a monitoring aircraft is to receive satisfactory VHF and 
S-band signals from the spacevehicle, the first requirement 
is for a line-of-sight transmission path with some clearance 
over the earth. Although an aircraft at an altitude of 7 nm 
can be stationed to "see" the spacevehicle for the entire 
injection period of nine and one-half minutes, this require- 
ment is not controlling. A second, and more basic, require- 
ment is that the received carrier-to-noise ratios provide 
circuits of acceptable quality for voice and telemetry. The 
principal items that make it difficult to meet this latter 
requirement are (1) the low transmitter powers (in the space 
vehicle), (2) the considerable path loss, (3) limited an- 
tenna gain that can be provided in an aircraft, and (4) 
severe multi-path fading at low elevation angles because of 
bllc iicai - U I I I  L Y  IXL ~ e c t i o r l  coefficient of sea water. +I-- --..- ...- 2 A--  - - - r . - l  

The maximum size antennas suitable for C-135 jet aircraft 
have been assumed to be a 6- foo t  dish for S-band frequencies 
and an 8.5 x 6.5 foot array for VHF. The gains have been 
estimated to be about 30 db and 15 db, respectively. The 
use of smaller antennas would seriously affect the conclusions 
in the next papagraph - particularly those relating to VHF. 

In order to reduce multi-path fading to an acceptable degree 
(taken here to be 6 db), it will be necessary to specify a 
minimum elevation angle between the horizon and the space- 
vehicle. If the elevation angle is kept above this minimum, 
it will be possible to use the aircraft antenna pattern to 
discriminate against ground-reflected radio waves. This pro- 
cedure reduces the allowable distance between the aircraft 
and the spacevehicle. If only S-band frequencies were used, 
the reduction would be less because of the narrower antenna 
beamwidth. However, the VHF system, with its wider antema 
beam, is controlling, and the minimum elevation angle becomes 
about 10 degrees. With this limitation, two aircraft, prop- 
erly stationed, will be needed to cover a specific, 9 1/2- 
minute long injection path. The transmission margins for the 
various radio circuits at maximum range (occurring three 
minutes after the end of burn) are given in the following 
table: 
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Radio C i r c u i t  
VHF 

Double Sideband Voice (CSM) 

PCM/FM 51.2 kbps Telemetry (CSM) 

PCM/FM 72 kbps Telemetry ( I U  & S-IVB) 

PAM/FM/FM I R I G  Telemetry ( I U  & S-IVB) 

S-band ( I U )  

PCM/FM 72 kbps Telemetry 
I -e-.\ Unif'ied S-band. \c;sivi) 

Mode A - FM/FM Voice 

PCM/PM/PM 51 .2  kbps TLM 

Mode B-J* - FM/PM Voice 

PCM/PM/FM 51.2 kbps TLM 

Mode F - Emergency Voice 
(Without Power Amp.) 

Approximate Transmis- 
s i o n  Margin, i n  db 

7 .5  

-1.5 

0 

-1.5 

6.5 

6.0 

0.5  

4 . 5  

-1 .o 

1 .o 

It should be emphasized t h a t  t he  margins c i t e d  above apply  
n e a r  the  end of  the 9-l/2 minute record ing  pe r iod .  
minute p r i o r  t o  burn u n t i l  about  one minute a f t e r  t h e  burn,  
t h e  margins would be a t  l e a s t  6 db g r e a t e r  than  l i s t e d  i n  t h e  
tab le .  

From one 

Two impor tan t  assumptions have been made i n  d e r i v i n g  t h e s e  
r e s u l t s :  (1) tha t  r a d i o  wave a t t e n u a t i o n  through t h e  exhaust 
plume of t h e  S-IVB w i l l  be n e g l i g i b l e ,  and ( 2 )  t h a t  t he  
v a r i a b l e  RF l o s s e s  i n  the system ( f a d i n  , antenna p a t t e r n  
v a r i a t i o n s ,  equipment .degradat ion,  e t c .  7 add ir, a random man- 
n e r .  Resu l t s  of t h e  Sa turn  SA-5 t e s t  f l i g h t  tend  t o  suppor t  

*"Up" Mode 1 - A  ( ranging  only) should  n o t  be used w i t h  t h i s  
Down" Mode s i n c e  t h e  margins w i l l  d e t e r i o r a t e  by about  I t  

5.5 db. 
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the first assumption, but further verification is desir- 
able. The transmission situation at maximum range is mar- 
ginal at best, and even a few db loss in the rocket flame 
could be serious. 

With regard to the variable RF losses, i f  all of them should 
maximize at the same tine (so that they add arithmetically), 
the attainable radio ranges at VHF would be cut in half and 
the transmission rnargins reduced by 6 db. The effect at S- 
band would be somewhat less: about 3.5 db instead of 6 db. 
On the other hand, if the RF loss variations should be less 
than those that have been assumed, the transmission perform- 
ance may be expected to be better than that shown in the 
table. 

Szbject to the preceding comments, the conclusion drawn here 
is t n a i  a specific rifrie arid ~ ~ i e - ? i ~ ~ . l f '  ~ i f ~ i i l t e  iiiJectioi-1 pei-iod 
c o i ~ l d  be covered satisfactorily w i t h  two aircraft, but not 
with one. The negative margin of 1.5 db for two of the VHF 
telemetry channels is not believed to be significant; there 
would he na sudden transmission impairment, but some fading 
may be expected during the final portion of the recording 
period. 

Two aircraft can cover the injection period bf the location 
o f  the injection path is known sufficiently far in advance - 
that is, far enough for the aircraft to travel to the appro- 
priate monitoring locations. However, this is not expected 
to be the situation, and it becomes necessary to provide 
enough aircraft t o  cover all injection opportunities. Simple 
economics demands that the number of  aircraft be kept to a 
practical mi.nimum. 

The basic problem is that the aircraft cannot keep up with 
the westward drift of the injection opportunities. To do 
this, the aircraft speed would have to equal that of the 
earth's rotation at the equator - about 900 knots. The num- 
ber of aircraft can be minimized by stationing them between 
desirable monitoring locations, and then dispatching them to 
one location or the other as the situation requires. 

It has been estimated that, for a launch azimuth spread of 
26 degrees and f o r  injection over the Pacific Ocean on any 
one of three orbits, five aircraft w i l l  be required. This 
does not  include back-up aircraft. If it can be determined 
in advance that injection will OCCUP on one of two orbits, 
either the first and second or the second and third, only 
four aircraft would be required. Actually, the latter situa- 
tion (second or third orbit injection) could be covered by as 
few as three aircraft provided their endurance (time in the 
air) is adequate, This is based on the distances that must 
be traveled between the injection areas and the potential air- 
craft bases in the Pacific Ocean, 
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3. RECORDING SYSTEM 

3.1 Recorder-Reproducer 

Early i n  t h i s  study, a bas i c  d e c i s i o n  had to be made 
regard ing  the  form i n  which t h e  s i g n a l  should be re- 
corded. It was accepted t h a t  r eco rd ing  on magnetic 
tape  i s  t h e  most l o g i c a l  choice,  b u t  i t  remained to be 
determined i f  pre-de tec t ion  or p o s t - d e t e c t i o n  record ing  
techniques should be employed. A s  d i scussed  i n  Appendix A, 
p r e -de tec t ion  record ing  appears to be t h e  more advantageous 
and i s  recommended f o r  t h i s  a i r b o r n e  a p p l i c a t i o n .  The 
p r i n c i p a l  reason i s  t h a t  i t  permi ts  a r educ t ion  i n  the  
amount of equipment c a r r i e d  i n  the  a i r c r a f t .  The appendix 
a l s o  p r e s e n t s  t he  r e s u l t s  o f  a b r i e f  survey of  e x i s t i n g  
p re -de tec t ion  tape  recorder-reproducers .  It i s  found t h a t  
t h e r e  are s e v e r a l  types  t h a t  have s u f f i c i e n t  capac i ty  t o  
record  14 charnels f G r  1 2  minutes oî  more. This I s  iiiore 
than adequate f o r  t h e  10 channel, 9-1/2 minute requirement,  
thus provid ing  t r a c k s  f o r  record ing  AGC vo l tages ,  t iming 
s i g n a l s ,  e t c .  

With p re -de tec t ion  recording, i t  i s  unnecessary to provide  
r a d i o  t e rmina l  or data processing equipment i n  t h e  a i r -  
c r a f t .  However, i n  t he  absence of such equipment, t h e r e  
may be some d i f f i c u l t y  i n  determining whether or no t  t h e  
s i g n a l s  from the  spacec ra f t  are a c t u a l l y  being rece ived .  
Thus, some minimum amount of te rmina l  equipment should be 
provided ( e .  g . ,  voice rece iv ing  equipment), and, i n  addi-  
t i o n ,  each channel should be provided w i t h  an alarm 
c i r c u i t  t h a t  recognizes  the  presence o r  absence o f  t h e  
r a d i o  s i g n a l  ass igned to it .  

3.2 Over-all  System 

The m a t e r i a l  i n  Appendix A has e s t a b l i s h e d  the  b a s i s  f o r  
a d e s c r i p t i o n  of t h e  o v e r a l l  record ing  system. This i s  
shown i n  Figure 1. The l e f t  hand p o r t i o n  of t h i s  f i g u r e  
l i s t s  t h e  communication systems i n  t h e  space veh ic l e .  
The r i g h t  hand p o r t i o n  shows i n  block diagram form t h e  
implementation proposed for t he  a i r c r s f t .  The g e n e r a l  
procedure f o r  handl ing  each s i g n a l  i s  t o  t r a n s l a t e  - i n  
one case,  demodulate - the  r ece ived  RF s i g n a l  spectrum 
s o  t h a t  i t  w i l l  f i t  i n t o  t h e  frequency response of one 
t r a c k  of t h e  recorder-reproducer ,  
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For the  VHF s i g n a l s ,  t h e  f i r s t  s t e p  of the  t r a n s l a t i o n  
process  would be accomplished by a s t anda rd  VHF t e l e -  
metry r e c e i v e r  - f r o n t  end and I F  s t r i p .  I n  t h i s  s t e p  
the  s i g n a l  would be converted to t he  normal I F  frequency 
(5 o r  10 megacycles). This ou tpu t  would then  be con- 
ve r t ed ,  o r  t r a n s l a t e d ,  to another  I F  frequency t h a t  i s  
n e a r  t he  c e n t e r  o f  t he  frequency response o f  the  recorder -  
reproducer .  The l a t t e r  I F  frequency would normally be i n  
the 600 to 800 kc range w i t h  the  f i n a l  s e l e c t i o n  for each 
channel depending on the  s igna l  spectrum c h a r a c t e r i s t i c s  
and t h e  recorder-reproducer  c h a r a c t e r i s t i c s .  For in s t ance ,  
a narrow band amplitude modulation s i g n a l  should be re- 
corded i n  the  p a r t  of t h e  recorder - reproducer ' s  frequency 
respcmse where t h e  s igna l - to-noise  r a t i o  and l i n e a r i t y  a r e  
t h e  b e s t .  T h i s  might be i n  t h e  upper o r  t he  lower end of 
the  frequency response band depending on t h e  r eco rde r -  

f o r  a l l  channels might make the  c a r r i e r  des ign  easier,  the 
use  of d i f f e r e n t  c e n t e r  f requencies  might he lp  prevent  
i n t e r f e r e n c e  between channels.  It w i l l  be noted tha t  I F  
bandwidths a r e  s p e c i f i e d  for each channel.  
i n  VHF-PCM t e l eme t ry  i s  t o  make use  o f  s t anda rd  I F  band- 
widths  of 500, 300 and 100 kc. Since I F  bandwidth i s  not  
t o o  c r i t i c a l  for pre-de tec t ion  recording,  the s t anda rd  
bandwidth used should be one t h a t  covers the  spectrum of  
t he  s i g n a l  p l u s  doppler  s h i f t  and o s c i l l a t o r  d r i f t .  
These bandwidths are  given i n  Sec t ion  4 .5 .  I n  most 
i n s t a n c e s ,  t he  demodulation bandwidth used a t  t h e  ground 
s t a t i o n  could be made l e s s  than  t h i s  value by u t i l i z i n g  
c a r r l e r  t r ack ing  techniques,  

n n - - - A ~ ~ , - . n n l  I CPI UUUC/CI  n u U C U A & l l .  A n n - l m m  nJ. A 1  4-Lnq7-L U I l U U ~ l l  a czlmmon c e n t e r  f r e q u e n c y  

Presen t  p r a c t i c e  

Recording of the  S-band channel f rom the  Ins t rumenta t ion  
Unit  would be comparable t o  t h e  procedure f o r  t h e  VHF 
channels;  t h a t  i s ,  t he  s i g n a l  would be converted t o  an I F  
frequency wi th in  t h e  response range of the  r eco rde r ,  and 
then recorded without  being de tec t ed .  

The s i t u a t i o n  wi th  t he  Unified S-band system from t h e  CSM 
i s  somewhat more corxplicated. Since one cannot be su re  
when Mode F (Emergency Voice) might be used, and s i n c e  i t s  
R F  bandwidth i s  w i t h i n  t h e  c a p z b i l i t y  of the recorder-repro-  
ducer ,  a s e p a r a t e  channel i s  shown a t  t h e  top  of the block 
diagram. Th i s  s i g n a l  would be t r a n s l a t e d  i n  the  same 
manner as the  VHF s i g n a l s ,  t h a t  i s ,  no demodulation would 
t a k e  p l a c e  a.head of t h e  recording p rocess .  However, as  
d i scussed  i n  Appendix A, Modes A and B-1 have I F  bandwidths 
t ha t  make i t  necessary  to provide one stage of demodulation 
b e f o r e  t h e  s i g n a l  can be recorded. (A l t e rna te ly ,  some 
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non-standard method o f  demodulation might be u s e d , )  
Since only  one of these  modes can be  used a t  a given t ime, 
a s i n g l e  r eco rde r  channel i s  a l l o c a t e d  for them. Suc- 
ceeding s t a g e s  of demodulation would be accomplished a t  
t h e  ground s t a t i o n  during the reproducing p r o c e s s ,  

Other major u n i t s  i n  t h e  monitoring system are  t h e  mul t i -  
coup le r s .  Since an a i r c r a f t  has l i m i t e d  space f o r  g a i n  
antennas,  i t  I s  d e s i r a b l e  t h a t  on ly  one VHF antenna and 
one S-band antenna be used. The mul t i -couplers  provide  
t h i s  c a p a b i l i t y .  Depending on the  f i l t e r i n g  c h a r a c t e r i s t i c s  
o f  the  f r o n t  ends of t h e  r e c e i v e r s  and the  frequency a s s ign -  
ments for t h e  va r ious  s igna l s ,  some a d d i t i o n a l  f i l t e r i n g  
might be necessary  to i s o l a t e  the  r e c e i v e r s  from each o the r .  

Three o t h e r  i tems shown on the  diagram a r e  t h e  VHF antenna, 
t h e  S-band an tenna ,  and the  c o n t r o l  sys tem for pointing 
t he  antennas toward  t h e  s p a c e c r a f t .  The antennas w i l l  b e  
d i scussed  f u r t h e r  i n  Section ,ii. 
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4. TRANSMISSION CONSIDERATIONS 

4 .1  Path of Spacevehicle  

While i n  e a r t h  o r b i t ,  t h e  Apollo spacevehic le  i s  expected t o  
be a t  an  a l t i t u d e  of about  100 nm and t r a v e l i n g  a t  a r a t e  of 
25,500 f e e t  p e r  second (about  4 .2  nm p e r  s econd) .  T h i s  w i l l  
be the  approximate s i t u a t i o n  a t  t he  time t h e  SIV-B i s  i g n i t e d  
t o  s t a r t  t h e  spacevehic le  on i t s  t r a n s l u n a r  f l i g h t .  A t  t h e  
end of t he  f i v e  and one-half minute burn pe r iod ,  t h e  a l t i t u d e  
w i l l  have increased  t o  about 159 nm and t h e  v e l o c i t y  t o  about  
6 nm p e r  second. Three minutes l a t e r  t h e  spacevehic le  a l t i t u d e  
i s  expected t o  be about  345 nm. The p a t h  o f  t h e  spacevehic le ,  
i nc lud ing  t h e  p a t h  dur ing  a one-minute per iod  before  t h e  s t a r t  
of burn,  i s  shown by t h e  dashed l i n e  i n  F igure  2 .  Time i s  
counted i n  minutes from t h e  end of burn a s  noted on t h e  f i g u r e .  
Ail d i s t a n c e s  a r e  i n  n a u t i c a i  m i l e s .  

a 

The a l t i t u d e s  and d i s t a n c e s  i n  F igure  2 have been obta ined  
from Bellcomm, I n c .  and apply t o  a 324-second burn pe r iod .  
The t o t a l  d i s t a n c e s  covered by t h e  spacevehic le  between -6.5 
minutes  and +3 minutes a r e  given i n  Table 1. 

Table 1 

Time 
I n t  e rva  1 

-6.5 t o  -5.5 
-5.5 t o  0 
0 t o  +3 

Approximate Dis tances  i n  nm 
I n  Space On Surface  

252 245 
1630 1550 
1035 - 945 

TOTAL 2917 2740 

Communication w i t h  t h e  spacevehic le  must be maintained while  
i t  i s  covering t h e s e  d i s t a n c e s ,  

4 .2  Line-of-Sight Dis tances  

True Ea r th .  Assume t h a t  t he  a i r c r a f t  w i l l  f l y  a t  an a l t i t u d e  
o f  7 nm. Using a t r u e  e a r t h  r a d i u s  of 3445 nm, t h e  su r face  
d i s t a n c e  t o  the horizon fi?om a p o i n t  d t r e c t l y  be low t h e  air- 
c r a f t  i s  220 nm. The d i s t ance  (on  t h e  e a r t h ' s  s u r f a c e )  f r o m  
t h e  spacevehic le  a t  an a l t i t u d e  of 100 nm t o  t h e  hor izon  i s  
820 nm. Thus, when a s t r a i g h t  l i n e  between t h e  a i r c r a f t  and 
spacevehic le  I s  t angent  to the e a r t h ,  t h e  maximum s u r f a c e  
d i s t a n c e  between them i s  1040 nm. When t h e  spacevehic le  i s  
a t  an  a l t i t u d e  of 345 nm (+3 minutes) ,  t h e  corresponding maxi- 
mum s t r a i g h t  l i n e  d i s t a n c e  i s  220 p l u s  1480, or 1700 nm. 
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Refrac t ion .  Atmospheric r e f r a c t i o n  causes  a r a d i o  r a y  t o  fo l low 
a curved pa th ,  and t h i s  r e s u l t s  i n  a r a d i o  hor izon  d i s t a n c e  t h a t  
i s  g r e a t e r  than  t h e  s t r a i g h t  l i n e  d i s t a n c e  t o  t h e  hor izon ,  Fig-  
u r e  3 i l l u s t r a t e s  t h i s  e f f e c t .  The a d d i t i o n a l  d i s t a n c e  depends 
on t h e  amount of atmosphere t r ave r sed  by the  r a d i o  r ay ,  the  
ang le  of a r r i v a l  of t h e  r ay ,  and, of course ,  on t h e  r e f r a c t i v i t y  
of t he  atmosphere a t  the  time and p l ace  i n  ques t ion .  The g r e a t -  
e s t  bending t a k e s  p l ace  a t  low a l t i t u d e s  ( s e a  l e v e l )  and a t  low 
ang les  to t h e  hor izon .  The amount of bending dec reases  a s  t h e  
r a d i o  r a y  c l e a r s  t h e  e a r t h  by g r e a t e r  and g r e a t e r  d i s t a n c e s .  

A r a d i o  wave l eav ing  t h e  e a r t h ' s  su r face  a t  a ze ro  degree  e l e -  
v a t i o n  angle  w i l l  a t t a i n  one- th i rd  of' i t s  t o t a l  a tmospheric  
bending by t h e  t ime i t  reaches a he ight  of  about  2,000 f e e t ,  
and i t  w i l l  have bent  t w o - t h i r d s  of t h e  t o t a l  by about  10,000 

f ee t . '  By the t ime i t  reaches 7 nm, t h e  r a d i o  wave w i l l  have 
a t t a i n e d  ahni-it 96 p e r c e n t  nf  the t n t a l  c u ~ - v a t u r e  c a l ~ s ~ ~ !  b y  
t ropospher ic  r e f r a c t i o n .  These va lues  apply  when t h e  r e f r a c -  
t i v e  index a t  t h e  su r face  i s  1.000345, which i s  t h e  approximate 
index over  ocean a r e a s  a t  l a t i t u d e s  between 30 and 40 degrees  
n o r t h O 2  
i n  more n o r t h e r l y  l a t i t u d e s  and g r e a t e r  i n  more s o u t h e r l y  
l a t i t u d e s  - l a r g e l y  because of the  d i f f e r e n c e  i n  water  vapor  
conten t  of the atmosphere. 

0 

The amount o f  bending (and t h e  index)  w i l l  be l e s s  

The assumption of an  e f f e c t i v e  e a r t h  r a d i u s  equal  t o  fou r -  
t h i r d s  t imes t r u e  e a r t h  r ad ius  i s  f r e q u e n t l y  used f o r  es t ima-  
t i n g  t h e  d i s t a n c e  t o  t h e  r a d i o  horizon but i t  i s  a compromise 

"chat i s  u s e f u l  on ly  f o r  nea r -ea r th  a p p l i c a t i o n s .  Compared 
to t h e  r a d i u s  of t h e  t r u e  e a r t h ,  t h e  e f f e c t i v e  " r a d i o  r ad ius" ,  
k,  v a r i e s  w i t h  su r face  he igh t  and r e f r a c t i v e  index a s  shown 
i n  Table 2 ( e x t r a c t e d  f r o m  Reference 1) .  

Table 2 

Surface  Height 
(Above Sea Leve l )  

0 
0 

700 f t .  
5,000 f t .  

10,000 f t .  
7 nm. 

Refrac t ive  
Index 

1.000360 
1 e 000340 
1.000312 
1.000250 
1 000200 
1 e 000060 

E f f e c t i v e  Ear th  
Radius ( k )  

1 .6  
1.5 
1.4 
1.25 
1.18 
1 

'"CRPL Exponent ia l  Reference Atmosphere," NBS Monograph 4, 

2"Climatic  Charts  and Data o f  t h e  Radio Ref rac t ive  Index f o r  
Nat iona l  Bureau of  Standards,  Oc to  29, 1959. 

t h e  United S t a t e s  and t h e  World," NBS Monograph 22, Nat iona l  
Bureau of S tandards ,  Nov. 25, 1960. 
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A r a d i o  r a y  e n t e r i n g  or l eav ing  t h e  e a r t h ' s  atmosphere a t  an 
angle  such t h a t  i t  i s  tangent  t o  t h e  e a r t h ' s  s u r f a c e  c u t s  
through a l l  l a y e r s  of t h e  atmosphere and t h u s  i s  subjec ted  t o  
a c o n t i n u a l l y  changing r e f r a c t i v e  index.  One way t o  view 
t h i s  i s  t o  cons ide r  t h e  r a d i o  r ay  a s  a s t r a i g h t  l i n e  above 
an e a r t h  of c o n t i n u a l l y  changing e f f e c t i v e  r a d i u s .  A s  
i l l u s t r a t e d  i n  Figure 4, the  t r u e  e a r t h  r a d i u s  a p p l i e s  when 
the  r a y  i s  above about 7 nm. By t h e  t ime t h e  ray  has reached 
a n  a l t i t u d e  of  10,000 f e e t ,  the  e a r t h ' s  e f f e c t i v e  r a d i u s  has 
become 1.18, The e f f e c t i v e  r a d i u s  cont inues  t o  i n c r e a s e  u n t i l  
i t  becomes about 1.5 a t  sea l e v e l  ( i n  t h e  temperate zone).  

Maximum Radio Distance.  The d i s t a n c e s  covered by t h e  r a d i o  
ray tha t  a r r i v e s  a t  (or l e a v e s )  the  e a r t h  a t  v a r i o u s  ang le s  
o f  e l e v a t i o n  and i n  atmospheres of  v a r i o u s  va lues  of r e f r a c t i v e  
index have been t abu la t ed  i n  Reference 1, Table 3 i s  based 
on t h i s  r e f e r e n c e  and shows the  d i s t a n c e s  t o  t he  horizon from 
se.veral a l t i t u d e s  of 1 . - L  L l l b t l ' t b  ---- L I"I. a S-Ui-facE r e f r a c t i v e  iri(=jex 
of  1.000345. The t r u e  e a r t h  d i s t a n c e s  (no bending) a r e  a l s o  
included.  

Table 3 

A1 t i tud e 
(Transmi t t e r  

o r  R e  c e i v e r  ) ~- 

Distance t o  Horizon i n  Nau t i ca l  Miles 
With Atmospheric Bending No Bendinq 

Radio Path On Surface On Surface 

Between 
A l t i t u d e s  of 

253 
886 
1630" 

253 
871 

l560* 

Total  Distance - Naut i ca l  Miles 

7 & 100 nm 1139 
7 & 345 nm 1883 
100 & 345 nm 3022 
( v i a  a/c a t  7 nm) 

220 
820 

1480 

1124 
1813 
2937 

1040 
1700 
;170 

*Extrapolated 

The l a s t  l i n e  o f  the  t a b l e  r e p r e s e n t s  t h e  longes t  t r ack ,  or 
p a t h  length ,  t h a t  could be seen from an  a i r c r a f t  a t  an  a l t i -  
t ude  o f  7 nm and a p p l i e s  only i f  t h e  a i r c r a f t  i s  d i r e c t l y  
under t h e  pa th .  However, s ince  t h i s  " v i s i b i l i t y "  i s  g r e a t e r  
than  the  d i s t a n c e  covered by the  spacevehic le  dur ing  the  
communication per iod (2740 nm f r o m  Table l), it  appears  pos -  
s i b l e  t o  s t a t i o n  the  a i r c r a f t  somewhat t o  t he  s i d e  of t he  
spacevehicle  path,, T h i s  has the  advantage of avoid ing  t h e  
need f o r  an a i r c r a f t  antenna t h a t  w i l l  fo l low an overhead 



p a s s .  A l s o ,  t h e  look ang le ,  o r  ang le  between t h e  r o l l  a x i s  
of t he  spacevehic le  and t h e  t ransmiss ion  pa th ,  w i l l  be l a r g e r  
and t h e  p o s s i b i l i t y  o f  flame a t t e n u a t i o n  w i l l  be reduced. 

The preceding paragraph c a r r i e d  the  imp l i ca t ion  t h a t  t r a n s -  
miss ion  w i l l  be unimpaired when a r a d i o  p a t h  i s  tangent  t o  
t h e  e a r t h .  However, w i t h  no e a r t h  c l ea rance ,  f r e e  space 
t r ansmiss ion  cannot  be expected. The e a r t h  w i l l  i n t e r c e p t  
p a r t  o f  t h e  r a d i o  wave and t h e r e  w i l l  be l o s s e s  t h a t  cannot  
be t o l e r a t e d  i n  a l i m i t e d  power system such a s  t h a t  i n  t h e  
spacevehic le ,  Even w i t h  a small  amount of c learance  t h e r e  
w i l l  be t ransmiss ion  d i f f i c u l t i e s  due t o  d e s t r u c t i v e  i n t e r -  
f e rence  between t h e  d i r e c t  and s u r f a c e - r e f l e c t e d  r a d i o  rays .  
A s  t h e  c learance  inc reases ,  t ransmiss ion  w i l l  improve u n t i l  
t h e  c learance  approximates  t h a t  f o r  t h e  f i r s t  F resne l  zone, 
a t  which t ime t h e  p a t h  loss may drop t o  about  6 db  below 
t h a t  f o r  f r e e  space.  O f  course,  w i t h  a f u r t h e r  i nc rease  i n  
c l ea rance  ( a s  t h e  spacevehic le  moves toward t h e  a i r c r a f t ) ,  
the  p a t h  l o s s  w i l l  i nc rease  aga in  and then  fo l low t h e  r a n i l i a r  
l ob ing  p a t t e r n  c rea t ed  by the a l t e r n a t e  phasing i n  and phasing 
out  of  t h e  d i r e c t  and r e f l e c t e d  r a d i o  r a y s .  

A t  f r equenc ie s  n e a r  300 me the f i r s t  F resne l  zone c learance  
i s  i n  t h e  o rde r  of 2,000 f e e t .  To achieve  t h i s  c l ea rance  
the  maximum su r face  d i s t ances  between a i r c r a f t  and space- 
v e h i c l e  a r e  es t imated  from Reference 1 t o  be as shown i n  
Table  4. 

Table 4 

A i r c r a f t  Spacevehicle  Maximum Sepa ra t ion  - nm 
A l t i t u d e  A 1  t i tud e Radio Pa th  On Surface  

7 nm 
7 nm 

100 nm 1100 
345 nm 1830 

To ta l  2930 

1085 
- 1770 
2855 

Thus, f o r  an  overhead pass ,  an  a i r c r a f t  a t  a n  a l t i t u d e  of 7 nm 

from t h e  f i r s t  ( l o w e s t )  l o b e  of t h e  r a d i a t i o n  p a t t e r n  i n  one 
d i r e c t i o n  t o  t h e  f i r s t  lobe  i n  the  oppos i t e  d i r e c t i o n .  T h i s  
i s  115 nm g r e a t e r  than  t h e  t r a c k  of t he  spacevehic le  dur ing  
t h e  des i r ed  n ine  and one-half minute r eco rd ing  pe r iod ,  and 
a s  es t imated  g r a p h i c a l l y  i n  F igure  5, permi ts  t h e  a i r c r a f t  
t o  be s t a t i o n e d  a s  much a s  400 nm t o  t h e  s i d e  of t h e  burn p a t h .  
The maximum su r face  d i s t ance  f o r  t h i s  s i t u a t i o n  ( a i r c r a f t  t o  
spacevehic le  a t  +3) i s  1770 nm, The r a d i o  p a t h  l eng th  i s  about  
1830 nm and t h e  t ransmission system would have t o  overcome t h e  
corresponding p a t h  loss. With non-d i r ec t iona l  an tennas ,  
fad ing  due t o  mul t i -pa th  t ransmiss ion  would be expec ted .  

would be a b l e  t o  I I  see"  a t o t a l  of 2855 nm (on  the  s u r f a c e )  
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4 . 3  Path Loss V a r i a t i o n s  

Mult i -Path.  The s i t u a t i o n  shown i n  F igu re  5 f o r  one a i r c r a f t  
would be s a t i s f a c t o r y  o n l y  if the  communication l i n k  could 
t o l e r a t e  t he  f ad ing  r e s u l t i n g  f r o m  t h e  i n t e r f e r e n c e  between 
t h e  d i r e c t  and s u r f a c e - r e f l e c t e d  r a d i o  r a y s  a t  low e l e v a t i o n  
a n g l e s .  Since i n j e c t i o n  i s  expected to occur  over  t h e  ocean 
(where, w i th  two except ions ,*  t h e  r e f l e c t i o n  c o e f f i c i e n t  i s  
n e a r l y  u n i t y ) ,  r a d i o  t r ansmiss ion  w i l l  experience deep f a d i n g  
u n l e s s  the r e f l e c t e d  r a y  can be c u t  o f f .  A t  smal l  a n g l e s  
above t h e  horizon,  v e r y  narrow antenna beams would be r equ i r ed  
to d i s c r i m i n a t e  between the  d i r e c t  and r e f l e c t e d  r a y s  - narrower 
than  a r e  p r a c t i c a l  i n  an a i r c r a f t  i n s t a l l a t i o n .  

A t  t h i s  p o i n t ,  i t  w i l l  be assumed tha t  t h e  s p a c e v e h i c l e - a i r -  
c r a f t  r a d i o  systems have enough t r ansmiss ion  margin t o  t o l e r a t e  

r a y  i s  one-half t h a t  of t h e  d i r e c t  ray ,  t h u s  l eav ing  ( a t  phase 
o p p o s i t i o n )  a n e t  v o l t a g e  o f  one-half  tha t  o f  the  d i r e c t  wave 
(down 6 d b ) .  

2 f 2 d P  nf 6 d h .  This n C C ’ J Y 8  t h e  vnl tage  nf t h e  r e f l e c t e d  

An antenna  d i s c r i m i n a t i o n  of 6 d b  r e q u i r e s  t he  ang le  between 
the r e f l e c t e d  r a y  and t h e  antenna a x i s  t o  be somewhat more 
t h a n  h a l f  the  antenna beamwidth a s  measured a t  t h e  3-db down 
p o i n t s .  A s  d i scussed  l a t e r ,  the  beamwidths of t he  S-band and 
VHF antennas  on the  a i r c r a f t  may be i n  the  o rde r  o f  5 degrees  
and 25 degrees ,  r e s p e c t i v e l y .  The 6-db down ang les  f r o m  t h e  
c e n t e r l i n e  of t h e  an tennas  w i l l  t h e n  be approximately 3 
degrees  and 15 degrees .  For  t h e s e  minimum ang les ,  t he  maxi- 
mum s u r f a c e  dis tancesbetween t h e  a i r c r a f t  ( a t  7 nm a l t i t u d e )  
and the  spacevehic le  have been computed f o r  s e v e r a l  a l t i t u d e s  
and a r e  shown i n  Table 5 .  

Table 5 

Limi t ing  Surface  Dis tances  Between 
Spacevehicle  A l t i t u d e  A i r c r a f t  and Spacevehicle  - nm 

i n  N a u t i c a l  Miles S-band ( 3 : )  VHF (15”) 

100 
138 
iT6 
345 

860 
1000 
ii25 
1525 

510 
640 
I413 

1125 
- 1 .  - 

The corresponding e l e v a t i o n  a n g l e s  o f  t h e  antenna beam c e n t e r -  
l i n e  above t h e  hor izon  ( a t  t h e  l i m i t i n g  d i s t a n c e s )  a r e  about  
2.7 degrees  f o r  S-band and about 10 degrees  f o r  VHF. Obviously, 

*The except ions  app ly  t o  v e r t i c a l  p o l a r i z a t i o n  over a small  
range of e l e v a t i o n  a n g l e s  above t h e  hor izon ,  and t o  a l l  
p o l a r i z a t i o n s  when the  sea i s  v e r y  rough. 
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the  VHF r a d i o  l i n k s  a r e  c o n t r o l l i n g ,  and t h e  fo l lowing  work 
on p o s i t i o n i n g  a i r c r a f t  w i l l  be based on t h e s e  l i n k s .  I f ,  
however, a l l  t h e  necessa ry  information i s  t r a n s m i t t e d  by 
S-band and t h e  VHF channels  a r e  n o t  needed a t  t h i s  t ime,  t h e  
maximum d i s t a n c e  between t h e  a i r c r a f t  and the  spacevehic le  
could be increased  a s  ind ica ted  i n  Table 5. The f u l l  i n -  
c r e a s e  shown i n  the  t a b l e  cannot be r e a l i z e d  because o f  t he  
l i m i t a t i o n s  of t he  r a d i o  t r ansmiss ion  system. The maximum 
r a d i o  communication ranges  a re  eva lua ted  i n  Sec t ion  4.8. 

The minimum e l e v a t i o n  ang le s  f o r  t h e  a i r c r a f t  an tennas  have 
been chosen t o  reduce the  e f f e c t s  of two-path propagat ion  
t o  a n  accep tab le  l e v e l .  A maximum e l e v a t i o n  angle  should 
a l s o  be s e l e c t e d  i n  order  to"s imp1i fy  t h e  antenna scanning 
problem. Some types  o f  antennas,  such a s  a l a r g e  d i s h  antenna 
mounted i n  t h e  nose of an a i r c r a f t ,  o r  an e l e c t r i c a l l y -  
scanned  a r r a y  installed t h e  s i d e  of an a i r c r a f t ,  m y  i iot  
be a b l e  t o  scan very  h igh  i n  a v e r t i c a l  p l ane .  The maximum 
e l e v a t i o n  ang le  f o r  some types  of  e l e c t r o n i c a l l y  scanned 
an tennas  appea r s  t o  be about 30 degrees ,  and t h i s  va lue  
has been used t o  e s t a b l i s h  the minimum o f f s e t  of t he  a i r -  
c r a f t  from the  p a t h  of t h e  spacevehic le .  T h i s  i s  shown 
i n  Figure 5, wherein the  dot ted  l i n e  i n d i c a t e s  t he  c l o s e s t  
approach of  the  a i r c r a f t  t o  the t r a c k  of  t h e  spacevehic le  
without  exceeding t h e  30-degree e l e v a t i o n  a n g l e .  

With t h i s  in format ion ,  p l u s  the p r e v i o u s l y  der ived  maximum 
d i s t a n c e s  a s s o c i a t e d  w i t h  a 15-degree angle  between t h e  
d i r e c t  and r e f l e c t e d  VHF r a d i o  r ays ,  i t  i s  p o s s i b l e  t o  
e s t a b l i s h  the  number and l o c a t i o n  of a i r c r a f t  r equ i r ed  t o  
record  s i g n a l s  f rom the  spacevehicle  f o r  a s p e c i f i c  i n j e c -  
t i o n  p a t h  ( n o t  a l l  p o s s i b l e  p a t h s ) .  
g r a p h i c a l l y , *  and, a s  shown i n  F igu re  5, two a i r c r a f t  
a r e  necessa ry  ( n o t  count ing  spare ,  o r  back-up, a i r c r a f t )  
One a i r c r a f t  would be s t a t i o n e d  a t  a p o i n t  480 nm a long  t h e  
s u r f a c e  t r a c k  (from t ime equals  -6 ,5  minutes)  and 176 nm 
t o  t h e  s i d e .  The second a i r c r a f t  would be s t a t i o n e d  1550 nm 
a long  t h e  t rack (from -6.5)11and 235 nm t o  t h e  s i d e .  
would not  q u i t e  be a b l e  t o  see"  t h e  s p a c e c r a f t  a t  t h e  +3 
p o i n t  w i t h i n  the  15-degree l i m i t a t i o n ,  A s  noted i n  F igu re  5, 
it misses  by about  75 m i l e s ,  bu t  t h i s  c o n v e r t s  t o  on ly  about  
one degree of e i e v a t i o n  and i s  n o t  a p r a c t i c a l  l i m i t a t i o n .  
The r a d i o  d i s t a n c e  t o  the  3-3 p o i n t  would be about 1300 nm 
and t h i s  should be used t o  determine t h e  maximum p a t h  l o s s .  

This  has been done 

I t  

Tropospheric  Fading. If the  l i n e - o f - s i g h t  from t h e  a i r c r a f t  
t o  t he  spacevehic le  i s  a t  l e a s t  10 degrees  above the  horizon,  

*Because of t h e  changing a l t i t u d e  of t h e  s p a c e c r a f t ,  t h e  
s o l u t i o n  involved a s e r i e s  of success ive  approximations.  



- 18 - 

t h e  l i n e - o f - s i g h t  w i l l  always be more than  7 n m  above the 
e a r t h .  Fading due t o  inhomogeneties i n  t h e  atmosphere should 
be ve ry  small  and only one d b  f ad ing  margin w i l l  be a l lowed.  
A s  d i scussed  i n  t h e  next  paragraph, an a d d i t i o n a l  d e c i b e l  w i l l  
be allowed f o r  f ad ing  i n  t h e  ionosphere.  The t o t a l  allowance 
f o r  f ad ing  i n  t h e  propagat ion medium i s  thus  2 d b .  

Ionospher ic  E f f e c t s .  Ref rac t ion  occurs  i n  t h e  ionosphere 
a s  we l l  as the  t roposphere,  but  to a l e s s e r  e x t e n t .  I n  t h i s  
ca se  the amount of bending of r a d i o  waves i s  a f u n c t i o n  of 
e l e c t r o n  d e n s i t y ,  c o l l i s i o n  frequency, r a d i o  frequency, and 
t h e  angle  of e l e v a t i o n  above the  hor izon ,  Although the  
r e f r a c t i v e  e f f e c t s  would have t o  be considered i n  t r ack ing  
problems, they  appear  t o  be small enough t o  be ignored i n  
communication problems - a t  l e a s t  a t  VHF and h ighe r  f r e -  
quencies .  

The ionosphere,  i n  combination with the  e a r t n ' s  magnetic 
f i e i d ,  can cause a r o t a t i o n  ~f the plane of p o l a r i z a t i o n  
of a r a d i o  wave (Faraday e f f e c t ) .  The e f f e c t  v a r i e s  i n v e r s e l y  
w i t h  t he  square o f  t h e  r ad io  frequency and i s  smal l  above 
about two gc.  A t  VHF however, the  e f f e c t  i s  s u b s t a n t i a l ,  
t hus  r e q u i r i n g  the  use o f  c i r c u l a r  p o l a r i z a t i o n  o r ,  a l t e r -  
n a t e l y ,  p l ane  p o l a r i z a t i o n  d i v e r s i t y  i n  t h e  a i r c r a f t .  

Another e f f e c t  occur r ing  i n  t h e  ionosphere i s  phase d i s -  

p e r s i o n  ; i . e . ,  t he  phase s h i f t  a c r o s s  the  RF s i g n a l  band 
may not  be l i n e a r  w i t h  frequency. I f  two components of  a 
modulated 100 mc c a r r i e r  a r e  separa ted  by 100 kc, t h e i r  
phase r e l a t i o n s h i p  may be changed by the ionosphere,  and 
a t  an e l e v a t i o n  angle  of 5 degrees ,  t h i s  can amount to 180 
degrees  (du r ing  day l igh t  i n  t h e  temperate zone) .  T h i s  e f f e c t  
a l s o  v a r i e s  i n v e r s e l y  w i t h  f requency,  A t  1000 mc, frequency 
components separa ted  by 1 rnc may f i n d  t h e i r  phase r e l a t i o n -  
s h i p  changed by 90 degrees ,  I t  appears ,  then,  t h a t  i f  VHF 
i s  t o  be used a t  small  angles  of e l e v a t i o n ,  phase d i s t o r t i o n  
should be expected u n l e s s  the RF bandwidth i s  we l l  below 
100 kc.  Thus, bo th  phase d i s p e r s i o n  and the  previous mul t i -  
p a t h  cons ide ra t ions  suggest keeping the  t r ansmiss ion  p a t h  
s i g n i f i c a n t l y  above the horizon,  

3 

The ionosphere i s  composed of  s n i f t i n g  l a y e r s  of' ion ized  
gas ,  and i t  appears  t h a t  t h i s  non-uniformity could r e s u l t  
i n  t ransmiss ion  v a r i a t i o n .  J u s t  what f a d i n g  margin should 
be allowed i s  not known, but a t  VHF and h i g h e r  f r equenc ie s  
on ly  a small  amount of fad ing  should be expected.  The 

3"In t roduct ion  t o  Space Communication Systems", McGraw-Hill, 
New York, 1963. 
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allowance made here  i s  one db .  When added t o  t h e  allowance 
f o r  t roposphe r i c  fading,  the t o t a l  margin f o r  f ad ing  i s  
two db. 

Flame Attenuat ion.  The general  theory  of s i g n a l  a t t e n u a t i o n  
i n  an exhaust  f l  ame suggests  t ha t  t h e  a t t e n u a t i o n  should be 
q u i t e  small  when the  f u e l  i s  a mixture of hydrogen and oxygen, 
which i s  t h e  case f o r  t h e  S-IVB. I n  a d d i t i o n ,  t h e  "look 
angle ' '  ( t h e  angle  between the  r o l l  a x i s  o f  t h e  spacevehic le  
and t h e  r a d i o  pa th  t o  t h e  a i r c r a f t )  f o r  t h e  geometry shown 
i n  Figure 5 would be g r e a t e r  t h a n  15 degrees  throughout t h e  
burn per iod ,  and hence would no t  pass  through t h e  reg ion  of 
h ighes t  i o n i z a t i o n  dens i ty  i n  t h e  plume. It i s  t h e r e f o r e  
assumed t h a t  t h e  r a d i o  frequency loss due t o  the S-IVB exhaust  
dur ing  t h e  i n j e c t i o n  burn w i l l  be n e g l i g i b l e .  There i s  sup- 
p o r t  f o r  t h i s  assumption i n  t h e  experimental  r e s u l t s  r epor t ed  
f o r  the Sa tu rn  SA-5 ' t e s t  f l i g h t , 4  but  f u r t h e r  v e r i f i c a t i o n  i s  
d e s i r a b l e .  

It i s  understood t h a t  t he  f u e l  used f o r  a t t i t u d e  c o n t r o l  w i l l  
a l s o  be a hydrogen-oxygen mixture,  and hence a t t e n u a t i o n  due 
t o  t h i s  system should a l s o  be n e g l i g i b l e .  

4.4 Antennas 

It i s  assumed here t h a t  t h e  VHF and S-Band antennas on t h e  
Command Module a r e  l i n e a r l y  p o l a r i z e d  and have u n i t y  g a i n  
except  f o r  3 db l o s s e s  a t  some ang les  i n  t h e  antenna p a t t e r n s .  
A 3 db p o l a r i z a t i o n  loss i s  a l s o  assumed because t h e  a i r c r a f t  
antennas must be c i r c u l a r l y  p o l a r i z e d  i n  o r d e r  t o  be a b l e  t o  
r e c e i v e  a s i g n a l  f r o m  t h e  spacevehicle  r e g a r d l e s s  of i t s  
a t t i t u d e .  The  t o t a l  l o s s  w i l l  be more than  6 db un le s s  t h e  
spacevehic le  i s  ppovided w i t h  more than  one antenna and t h e s e  
antennas a r e  o r i e n t e d  i n  d i f f e r e n t  d i r e c t i o n s .  T h i s  i s  be- 
cause of t h e  n u l l  zones a s soc ia t ed  w i t h  any non-d i r ec t iona l  
antenna; f o r  example, i n  the d i r e c t i o n  of t h e  a x i s  of a whip 
o r  d ipo le  type  of antenna. 

It i s  understood t h a t  a horn-type, l i n e a r l y  po la r i zed  antenna 
of 9 db ga in  w i l l  be a s soc ia t ed  w i t h  t h e  S-Band r ad io  equip-  
ment i n  t h e  Ins t rumenta t ion  U n i t ,  However, s ince  t h e  a x i s  
o f  t h e  antenna beam i s  expected t o  be v e r t i c a l ,  the  r a d i a t i o n  
toward t h e  horizon (and the a i r c r a f t )  w i l l  be much reduced. 
I n  o rde r  t o  be use fu l ,  t h e  ga in  cannot be much, i f  any, below 
u n i t y  a t  275 degrees from the c e n t e r  of t h e  beam and t h i s  
ga in  w i l l  be assumed. An angle of l5O degrees  subtends t h e  
e a r t h  when t h e  spacevehicle  i s  a t  an a l t i t u d e  of 100 nm. 

"'Radio Frequency Evaluat ion of SA-5 Vehicle ,  '' NASA MSFC 
Technical  Memorandum X-53073, Jane 10 , 1964. 
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The l imi t ed  power i n  the  spacevehic le ,  p l u s  t h e  cons iderable  
p a t h  loss a t  i n j e c t i o n  ranges,  p l u s  va r ious  equipment and 
f ad ing  l o s s e s ,  make i t  necessary  to provide ga in  an tennas  
on the  a i r c r a f t  f o r  b o t h  VHF and S-band r a d i o  systems,  The 
s i t u a t i o n  i s  such t h a t  t he  gains  (and s i z e s )  o f  t hese  antennas 
should be a s  l a r g e  a s  t h e  s t r u c t u r e  and performance of t he  
a i r c r a f t  w i l l  permit 

0 

It i s  assumed t h a t  the  a i r c r a f t  ass igned  to t h i s  mission 
w i l l  be C-135 j e t s  and t h a t  they w i l l  permit  the  i n s t a l l a t i o n  
of a 6-foot d i s h  antenna f o r  S-band f requencies  and an  8.5 x 8.5 
f o o t  antenna a r r a y  f o r  VHF, Because ~f i t s  s',ze, t h e  l a t t e r  
would probably have to be mounted on t h e  s i d e  of  the  a i r c r a f t ,  
It ro i lows ,  then,  t h a t  the  d i s h  antenna should be mounted on 
the s i d e  of the a i r c r a f t ,  o r ,  if i n s t a l l e d  elsewhere,  it should 
be o r i en ted  i n  t h e  same d i r e c t i o n  as  the VHF array. 

The g a i n  and beamwidth of a n  antenna a r r a y  a r e  p r i m a r i l y  de- 
pendent on i t s  ove r -a l l  s i z e  ( i n  wavelengths) ,  Secondar i ly ,  
t hey  depend on the  number and spac ing  of  the  antenna elements 
t h a t  make up the  a r r a y .  E i the r  a 3 x 3 o r  4 x 4 element 
a r r a y  could be used ( w i t h  d i f f e r e n t  spac ings)  t o  ob ta in  a 
g a i n  of  about 15 d b  and an accompanying beamwidth o f  about 
25 degrees ,  However, because of coupl ing  e f f e c t s ,  t h e  4 x 4 
a r r a y  i s  supe r io r  f r o m  a s ide  lobe s tandpoin t  and has p a r -  
t i c u l a r  mer i t  when t h e  antenna beam i s  e l e c t r o n i c a l l y  scanned, 
I f  a 3 x 3 a r r a y  i s  scanned 30 degrees  o f f  normal ( f r o m  broad- 
s i d e ) ,  one of the  s i d e  lobes  w i l l  grow t o  t h e  s i z e  o f  the 
main lobe and t h i s  decreases  the  a r r a y  ga in .  I n  add i t ion ,  
t h e  s i d e  lobe  could poin t  i n  the  d i r e c t i o n  of  the su r face -  
r e f l e c t e d  wave, thus  inc reas ing  mul t i -pa th  i n t e r f e r e n c e .  

The s imples t  antenna element t h a t  w i l l  p rovide  c i r c u l a r  po la r -  
i z a t i o n  i s  a p a i r  of crossed  d ipo le s  and i t  w i l l  be assumed 
he re .  T h i s  should not  be understood t o  r u l e  out  the poss i -  
b i l i t y  of crossed slot antennas,  t h e  r a d i a t i o n  c h a r a c t e r i s t i c s  
o f  w h i c h  a r e  simllajr-.  to t h o s e  of the  d i p o l e s ,  They wouid have 
the  advantage o f  f l u s h  mounting, thus  minimizing radome requ i r e -  
ments. It would a l s o  be poss ib le  to use an  a r r a y  of h e l i c a l  
an tennas .  Thei r  p r i n c i p a l  advantage i s  t h a t  they  a r e  not  a s  
s e n s i t i v e  to frequency changes as  a r e  d ipo le  and slot antennas 
and consequent ly  would perform b e t t e r  a t  t h e  extremes of the  
216 t o  300 M C  range. 
f o r  a 3- turn  h e l i x ) ,  t hey  would r e q u i r e  a deeper  radome. 
Both the  S-band ( d i s h )  and VHF antenna must be a b l e  to scan 
i n  a v e r t i c a l  p lane ,  The beam of the former could be swung 

0 

Because of t h e i r  l eng th  (about  2 0 5  f e e t  0 
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by mechanical movement of  the  feed,  bu t ,  because of i t s  s i z e ,  
t h e  VHF a r r a y  must be scanned e l e c t r o n i c a l l y .  The maximum 
p r a c t i c a l  scan angle  appears  t o  be about  30 degrees .  

4.5 RF Bandwidth 

The RF bandwidth requi red  b y  a r a d i o  system depends on t h e  
h i g h e s t  f requency i n  the  baseband, the  method and degree of 
modulation, o s c i l l a t o r  frequency d r i f t ,  and, i f  t h e r e  i s  
r e l a t i v e  motion between the t r a n s m i t t e r  and r e c e i v e r ,  on 
the amount o f  Doppler s h i f t ,  I n  systems having a narrow 
informat ion  band, t h e  l a s t  two i tems may make i t  d i f f i c u l t  
t o  ach ieve  a s a t i s f a c t o r y  s igna l - to-nolse  r a t i o ,  Such cases  
r e q u i r e  automatic  t r a c k i n g  o f  t he  c a r r i e r  f requency.  

Tile IF L-...A-.,< A C h c l  u a i i u v v 1 u u L r l - l  zf the s e v e r a l  sig;nal s rece ived  from t h e  
spacevehic le  a r e  l i s t e d  i n  Table 6.  

Table 6 

Radio Channel I F  S i g n a l  Bandwidth, kc, 

VHF AM 3 kc Voice 
VHF PCM/FM Telemetry a t  5 l , 2  kbps 
VHF PCM/FM Telemetry a t  72 kbps 
VHF PAM/FM/FM I R I G  TLM-Top c h ,  #18 
S-Band i n  IU-PCM/FM Telemetry a t  72 kbps 
Unif ied S-Band i n  CSM 

Mode A - FM/PM Voice, and PCM/PM/PM 

6 

108(') 

108(l) 

77(l) 

Telemetry a t  5 l , 2  kbps 4 8 1 0 ( ~ )  
12 ( 4 )  Mode F - FM Emergency Voice 

(1) Assumes I F  bandwidth i s  1 , 5  t imes b i t  r a t e  

( 2 )  

( 3 )  

Assumes top  frequency i n  chan, 18 of 75.25 kc,  and a 
modulation index of O , 5  f o r  the VHF c a r r i e r .  

For top modulating frequency of 1.26 me (vo ice  channel 
frequency-modulated on l,25 me s u b - c a r r i e r )  and modu- 
l a t i o n  index of O,gl, the  Carson 's  Rule I F  bandwidth 
= 4.81 mc. 

( 4 )  No s u b - c a r r i e r  is used, Modulation index of n a i n  c a r -  
r i e r  i s  one. 



- 22 - 

The al lowances f o r  changes i n  I F  frequency due t o  Doppler 
s h i f t  and t o  o s c i l l a t o r  d r i f t  are  l i s t e d  i n  Table 7. The 
o s c i l l a t o r  s t a b i l i t i e s  are taken from IRIG s tandards ;  t h u s ,  
a c t u a l  equipment performance may be b e t t e r  t han  these f i g u r e s  
i n d i c a t e .  

Frequency Change 
me to 

Table 7 

Bandwidth Allowance - kc 
VTHF (25Omc) S-band ( 2200mc) 

Doppler S h i f t ,  POS. +6 +50 

Doppler S h i f t ,  Neg. -9 -80 

O s c i l l a t o r  M i f t  

Spacevehicle  (Trans  ) f 25 fllO 

A i r c r a f t  (Rec ) - 212 +22 

Tota l  +43, -46 +182, -212 

If t h e  r e c e i v e r  a r e  operated a t  a f i x e d  frequency, t ha t  i s ,  
no tun ing  dur ing  the  pass  of the  spacevehic le ,  t h e  t o t a l  I F  
bandwidths r e q u i r e d  are  a s  given i n  Table  8. 



Radio 
Channel 

VHF 3 kc DSB ‘Voice 

VHF PCM/FM-51.2 kbps 

0 VHF PCM/FM-72 kbps 

VHF PAM/FM/FM 

S-Band i n  I U  

Uni f ied  S-Band i n  CSM 

Mode A - Overa l l  

(1) 
1 S t e p  of 
Demodulation 
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T a b l e  8 

I -F  Bandwidth (kc )  Required For  
Doppler Plus Total-Minimum 

S i g n a l  Osc. D r i f t  For Recording 

6 89 

77 89 

108 89 

225 89 

108 394 

95 

166 

192 

314 

502 

4810 394 5200(3) 

1260 1260 

51.2 kbps TLM (2)  77 

3 kc FM Voice (2)  21 

Mode F - Emerger,cy 
Voice 1 2  

( l ) C a r r i e r  t r a c k i n g  requi red  for s i g n a l  recovery.  

(*)Bandwidth of s i g n a l  about s u b c a r r i e r  on each 
s i d e  of  main c a r r i e r ,  For TLM t h i s  i s  l , 5  x 
51.2 = 77 kc; f z r  voice,  !V = 2 * 5  and bandwidth 
i s  6 ( M + 1 )  = 21 kc. The no i se  ‘bandwidths a r e  
double t h e s e  va lues ,  o r  154 kc f o r  telemetry, 
and 42 kc f o r  voice.  

(3)Bandwidth of f r o n t  end of r e c e i v e r  - not  f o r  
recording.  
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The allowances for Doppler s h i f t  and o s c i l l a t o r  d r i f t  a r e  
s u b s t a n t i a l ;  r a d i o  system performance could be improved 
by t h e  use of  automatic  t r a c k i n g  of t h e  c a r r i e r ,  e i t h e r  
i n  t h e  a i r c r a f t  o r  a t  t h e  ground s t a t i o n  analyzing t h e  
t a p e s .  I f  carlnier t r a c k i n g  i s  not  employed i n  t h e  a i r -  
c r a f t ,  t h e  p re -de tec t ion  bandwidths s h o u l d  be a t  l e a s t  
a s  &de a s  t h e  t o t a l s  shown i n  Table 8. The fol lowing 
c a l c u l a t i o n s  dll assume automatic c a r r i e r  t r a c k i n g  w i l l  
make it p o s s i b l e  t o  use t h e  Earrower I F  bandwidths a t  the  
ground s t a t i o n s .  

e 

4.6 RF Losses 

The r a d i o  frequency l o s s e s  ( o t h e r  than  those due t o  f r e e  0 
space)  t h a t  must be considered i n  s o l v i n g  t h e  t ransmiss ion  
problem a r e  l i s t e d  i n  Table 9, along w i t h  t h e i r  assumed 
va lues .  The equipment l o s s e s  f o r  t h e  CSM systems a s  l i s t e d  
i n  N o r t h  American Aviat ion document SID 62-14525 have been 
used a s  a guide f o r  t h e  spacevehicle  l o s s e s .  The var ious  
f i x e d  RF l o s s e s  for t h e  a i r c r a f t  r e c e i v i n g  equipment have 
been lumped a s  i n d i c a t e d  by the bracketed q u a n t i t i e s .  

The t a b l e  i s  divided i n t o  t3wo s e c t i o n s :  losses which must 
be considered f ixed ,  and losses which a r e  v a r i a b l e .  The 
l a t t e r  a r e  segregated t o  f a c i l i t a t e  t ransmiss ion  c a l c u l a -  
t i o n s  f o r  two condi t ions :  

1. Assuming t h a t  a11 the  v a r i a b l e  l o s s e s  reach 
t h e i r  maxim;:m values s imultaneously and must 
be added a r i t h m e t i c a l l y ,  T h i s  i s  a conserva t ive  
and probably p e s s i m i s t i c  case .  

2. Assurdng t.he va r i ab le  l o s s e s  a r e  randomly r e l a t e d ,  
i n  which case the  probable t o t a l  of t h e  v a r i a b l e  
l o s s e s  i s  more near ly  an RSS value.  



- 25 - 

Table 9 

RF Losses  (DB) Inc luding  Fading 
VHF S-Band (CSM) S-Band ( P U )  

Tran. Rec. Tran. Rec. Tran. Rec, 
RF Loss  Due To ( S D )  (A/C)  ( S / V )  (A/c) (s/v) ( A / c >  

Fixed Losses 

Cable l e5  1.3 3.0 

Mismatch and Connectors 103 200 0.7 1,o 0.7 1 .o 
Diplexer  o r  Multi-Coupler 1.7 1.0 

P o l a r i z a t i o n  

To ta l  Fixed Losses 

Var iab le  Losses 

Antema P a t t e r n  

Antenna Poin t ing  

Fading 

Mu1 t i - Path 

Contingencies  

To ta l  Var iab le  Losses 
(Ar i thmet ic  Addition) 

T o t a l  Var iab le  Losses 
(RSS Addition) 

3.0 3.0 0 

0-5 0.5 0*5 
2.0 2.0 2.0 

6,O 

1.0 1.0 l e 0  1 ,o  1.0 1.0 

4.0 9.5 4,O 3.5 1.0 3.5 
- - - - - - 

3.1 6,4 3.1 2.3 1.0 2.3 

Tota l  Losses 

Ari thmetic  Addit ion 23 14.5 12.2 
RSS Addition i6,7 10.9 10.2 
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4.7 Receiver  Noise 

The noise  temperature  of a rad io  system r e f e r r e d  t o  t h e  
inpu t  of t h e  r e c e i v e r  can be computed from the formula 

(L-l) + TR 
+ T o  L 

- - + -  
L 

where 

Assumed t o  Se 
VHF S-Band - 

TS = Sky temperature  ( m a l 2  aRtenna 
beam), K" 400 25 

= Antenna temperature  ( s i d e  a rd  
back lobes ) ,  K O  40 30 T A  

TR = Receiver temperature,  K" 440 170 

To = Temperature of transmLssion 
l i c e 9  K O  290 290 

L = Loss  i n  transmLssioE lice 
(expressed as a ratis) r058 1,26 

825 * 275" - - 
TSYS 

The noise  power d e r s i t y  for t h e s e  two sitwAt3,ons i s  

and 

N = KT = 1.38(1,0)-23(275) = -204,2 dbw f o r  S-Band 
S SYS 

where 

K i s  Boltzmann's cons tan t ,  

The r e c e i v e r  no ise  temperatures  a r e  based on r e c e i v e r  nolse  
f i g u r e s  of 4 db and 2 db, respecf lve ly ,  f o r  VHF acd S-Band 
equipment . Although r e c e i v e r s  w i t h  lower no i se  f i g u r e s  ar,: 
wi th in  the s t a t e  of t h e  art, t hey  would be of doab t fu l  b e m -  
fit because of t h e  floise environment in an a i r c r a f t .  Even 
the  noise  f i g u r e s  of 4 and 2 db w i l l  n-3.t: Le co r i t ro l l i ng  
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u n l e s s  s u i t a b l e  measures a r e  taken  t o  c o n t r o l  o t h e r  no i se  
sources  such a s  e l e c t r i c a l  mach%nery, p r e c i p i t a t i o n  s t a t i c ,  
and spur ious  r a d i a t i o n s  from on-board t r a n s m i t t e r s ,  

The noise  power i n  t h e  seve ra l  bandwidths d iscussed  i n  
S e c t i o n  4.5 can now be determined and they  a r e  given i n  
Table 10, These valiles apply t o  t h e  slgcal bazdwidth 
only and not t o  t h e  r e c e i v e r  bandwidths wh$ch, f o r  VHF, 
must ilnclude an allowar-ce f o r  Doppler s h i f t  a,nd oscLEla tor  
d r i f t  e 

Table 10 

Radio Channel 

VHF 3 kc DSB Voice 

VHF PCM/FM - 5 l , 2  kbps 

VHF PCM/FM - 72 kbps 

VHF PAM/FM/FM 

S-Band ( I U )  

Uni f ied  S-Band (CSM) 

Mode A - Overall 
1 S t e p  of  DemodulatAon (11 

PCM/PM/PM 51.2 TLM 

FM/PM Voice 

Mode F - Emerg. Voice 

Nolse Power i n  IF Signa l  
Bandwidths - dbw 

-161 7 
- l50 ,6  

-n49,2 

-146,O 

Carrier Tracking requl red .  
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4.8 Estimated Maximum Path Length 

Only the carrier-to-noise ratios required in the I F  bar,ds 
are now needed to compute the allowable path loss in each 
of the links. These ratios, for the VHF links, have been 
included in Table 11 along with the other parameters. 
The differences between the plus and minus values in each 
column represent the maximum path losses that can be 
tolerated without exceeding the specified error rate or 
voice circuit signal-to-noise ratio, 
merely indicate the effect of the various items on the 
allowable path loss, 

The algebraic signs 

With a single monitoring aircraft, the required radio range 
is 1830 nm at 3 minutes after the end of burn, and this 
can be met only by the voice circuit, and then only if 
the variable losses add at random, 
minimum elevation angles of 10 degrees), the required radio 
range is 1300 nm, and for random addition of the variable 
losses, this can be met by both the voice circuit and the 
72 kbps telemetry channel. The other two telemetry circuits 
come close to meeting the maximum range objective (within 
about a db). Thus, it appears that the injection interval 
could be covered fairly adequately, even though transmis- 
sion during the last few hundred miles of the post-burn 
period might be subject to slightly more fading than 
assumed. 

With two aircraft (using 

The last line of Table 11 shows the maximum path lengths 
that could be expected. It is assumed here that the 
variable RF losses have been over-estimated and actually 
may not exist at a l l ,  thus leaving only the fixed losses 
shown in Table 9. 
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Table 11 

VHF PATH LENGTH CALCULATIONS 

3 kc PCM/FM PCM/FM 
Voice 51 kbps 72 kbps PAM/FM/FM 

Transmitter Power-DBW 7.0 + 10.0 + 13.0 + 13.0 + 
RF Losses, Incl. Fading 

Arithmetic Addition 23.0 - 23.0 - 23.0 - 23.0 - 
RSS Addition 16.7 - 16.7 - 16.7 - 16.7 - 

Rec Antenna Gain 15.0 + 15.0 + 15.0 + 15.0 + 
IF Noise (1) 161.7 + 150.6 + 149.2 + 146.0 + 
Required C/N Ratio io(*) - 13(3) - 13(3) - 11 - 

Net Allowable Path Loss, db: 

Arithmetic Addition 150.7 139.6 141 . 2 
of RF losses 

140.0 

RSS Addition 157.0 145.9 147.5 146.3 
300 24 0 240 240 Approx. Freq., idc 

Max. Path Length, nm: 

hi 

Arithmetic Addition 
of Losses 

1480 515 615 545 

RSS Addition 3060 1060 1270 1100 

No Variable Losses ( 4 )  7000 2430 2910 2540 

(')Extra bandwidth for Doppler shift and oscillator drift 
assumed to be 
recorded signalS. 

ratio of 10 db and a modulation loss of 3 db (70 percent 
modulation), 

eliminated by carrier tracking of the 

(2)This is based on a required audio rms speech-to-rms noise 0 

Estimated ratio for one bit error in 
detection. 

bits with coherent (3) 

(4) If there were no variable losses (fading, antenna pattern 
variations, etc.), the maximum path lengths would be as shown. 
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The pa th  l o s s  c a l c u l a t i o n s  f o r  the  S-band l i n k s  a re  shown 
i n  Table 1 2 .  Here, i t  i s  necessary  t o  know t h e  modulation 
i n d i c e s  of t h e  s u b - c a r r i e r s  i n  a d d i t i o n  t o  t h e  r equ i r ed  
c a r r i e r - t o - n o i s e  r a t i o s .  These i n d i c e s  have been taken  
from Reference 5 .  

The maximum pa th  l eng ths  der ived i n  Table 1 2  show t h a t  
two a i r c r a f t  can cover  t h e  i n j e c t i o n  per iod  i f  t h e  RF 
l o s s e s  add on a random basis - a probable  s i t u a t i o n .  
However, t h i s  conclusion i s  based on t h e  assumption tha t  
the f i r s t  d e t e c t o r  (a phase demodulator) i n  t h e  Unif ied 
S-band r e c e i v e r  has no pronounced t h r e s h o l d .  Rather, 
because of t he  low modulation i n d i c e s ,  i t  performs 
more l i k e  an  AM system and does no t  "break" a t  low 
c a r r i e r - t o - n o i s e  r a t i o s .  There i s  s u b s t a n t i a t i o n  f o r  t h i s  

6 view i n  North American Aviat ion Document SID-63-1043 . 
If t h i s  should be i n c o r r e c t ,  and i f  a t h r e s h o l d  does 
occur  a t  a r a t i o  of about  8 db (main c a r r i e r  power t o  
I F  n o i s e  power), t he  f i rs t  d e t e c t o r  would be ope ra t ing  
below t h r e s h o l d ,  t h u s  v i t i a t i n g  t h e  r e s u l t s  i n  Table 12 .  

An a l t e r n a t e  p l an  would be t o  avoid  t h e  convent ional  
f i r s t  d e t e c t o r  ( w i t h  i t s  very wide n o i s e  band) and f i l -  
t e r  out  s p e c i f i c  s i g n a l  bands of i n t e r e s t  for demodulation 
For example, one of t he  f irst  o r d e r  s idebands of t h e  voice  
subcar r ie r  ( a t  1.25 mc f 10.5%~) could be f i l t e r e d  from 
the  broad I F  band and demodulated i n  one s t e p  i n s t e a d  of 
two. 

Pa th  l e n g t h  c a l c u l a t i o n s  for mode B-1 o f  t h e  Unified 
S-Band system from the  CSM have n o t  heen included i n  
Table  12.  T h i s  mode d i f f e r s  from mode A i n  t h a t  i t  i n -  
c ludes  a pseudo-random code ranging  s i g n a l  i n  a d d i t i o n  
t o  the  voice  and t e l eme t ry  s i g n a l s .  The ranging s i g n a l  
is  of  no d i r e c t  i n t e r e s t  t o  the a i r c r a f t ,  and presumably 
would be p re sen t  on t h e  down l i n k  on ly  i f  t he  spacevehic le  
were a l s o  i n  view of  a s h i p  o r  land  t r a c k i n g  s t a t i o n  
du r ing  some p o r t i o n  of t h e  9-1/2 minute pe r iod  that  the 
a i r c r a f t  i s  i n  con tac t  w i t h  t h e  spaceveh ic l e .  The ranging 

'"Second In t e r im  Report A p o l l o  Modulation Technique Study" , 
Nortn American Aviat ion Document SID-63-1043, September 3, 
1963 * 
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Table 1 2  

) PATH LENGTH CALCULATIONS S-BAND (2.3 km 

Unif ied S-Band i n  CSM 

Transmi t t e r  Power, dbw 
RF Losses,  I n c l .  Fading 

Ari thmetic  Addit i o n  
RSS Addit ion 

L o s s e s  - Modulation 
Rec. Antenna Gain 
I F  Noise 
Required C/N Rat io  

Net Allowable Path 
LOSS, db: 

(2) 

Arithmetic  Addition 
RSS Addition 

Mode A Mode F 

51 kbps 
3 kc PCM/PM 
Voice 

13*0 + 13.0 + -7.0 (1) - 

14.5 - 14.5 - 14.5 - 
10.9 - 10.9 - 10.9 - 

30.0 + 30.0 + 30.0 + 
8.6 - 4.7 - 0 

158.0 + 152.3 + 163.4 + 
8(3)- ii.5(4)- 7.0 - 

169.9 164.6 164.9 
173.5 168.2 168.5 

S-Band 
i n  I U  
PCM/FM 
72 kbps 

13.0 + 

12.2 - 
10.2 - 
0 
30.0 + 
153.9 + 
13.0 - 

171 07 
173 7 

Max. Path Length, nmo 
A r i  t h p e t  i c  Addition 1750 950 990 2170 
RSS Addition 2 660 1450 1500 2730 
No Var iab le  Losses 4180 2280 2360 3640 

( l )Equa l s  200 m i l l i w a t t s .  Assumes loss of power a m p l i f i e r .  

(2)Modulat ion i n d i c e s  f o r  te lemet ry  and voice s u b c a r r i e r s  a r e  
M1 = 1.25 and M2 = 0.91, r e s p e c t i v e l y .  
loss f o r  te lemet ry  i s  

2 2 2 

The modulation 

2 Jo ( M 2 ) ( J 1 )  (M1) = 2( .803) ( .511)2 = .337 = -4.7 db 

and f o r  voice i t  i s  

2(Jo)2(M,)(J,)2(M2) = 2 (  .645)2(.409)2 = .139 = -8.6 db 

(3)'I'his i s  t h e  FM t h r e s h o l d  f o r  a d e v i a t i o n  r a t i o  of 2.5. 
The th re sho ld  occurs  a t  about 10 db when the no i se  i s  
measured i n  twice t h e  baseband width (6 kc). 

5 ( 4 ) F 0 r  a b i t  e r r o r  r a t e  o f  one i n  (10) b i t s .  
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s i g n a l  would o r i g i n a t e  a t  a sh ip  o r  land  s t a t i o n ,  e i t h e r  
as ~a s e p a r a t e  s i g n a l  i n  "up"-mode 1 - A p  o r  mult iplexed 
with voice,  data, o r  both i n  up-modes 1-D, 1-E, o r  1-Fo 
r e s p e c t i v e l y ,  Regardless  of which up mode i s  used, the 
ranging s i g n a l  reaching t h e  CSM would be t r a n s l a t e d  i n  
f requency and r e t r a n s m i t t e d  as  p a r t  of,down-link mode B-1, 
HoweveP, t h e r e  i s  a d i f f e rence  i n  t h e  d i s t r i b u t i o n  of 
power among t h e  ranging, voice,  and te lemet ry  s i g n a l s  on 
t h e  down l i n k ,  depending on which up- l ink  mode is used. 

0 

Reference 5 r e p p r t s  c a l c u l a t i o n s  which show the r e l a t i v e  
t r ansmiss ion  margins f o r  t h e  down-link voice and t e l eme t ry  
s i g n a l s  when each of t h e  f o u r  up- l ink  opt ions  i s  used, 
Based on t h e s e  c a l c u l a t i o n s ,  i t  appears t h a t  the al lowable 
path loss f o r  mode B-1 would be from one t o  5*5 db l e s s  
t han  t h e  va lues  given f o r  mode A i n  Table 12 ,  The w o r s t  
case  (5.5 db less al lowable pa th  loss) OCCUI'S when ranging 
s i g n a l s  only a r e  t r ansmi t t ed  OP, t h e  up l i n k  (mode 1-A). 
T h i s  r e p r e s e n t s  almost a 221 r educ t ion  i n  t ransmiss ion  
range from t h e  va lues  dn Table 12, and hence the 1-A 
up- l ink  mode ought not  t o  be used i f  i t  can be avoided 
dur ing  t h e  per iod  i n  quest ion,  If one of t h e  o t h e r  
t h r e e  up- l ink  modes involving ranging a r e  i n  use,  t h e  
t r a n s d s s i o n  performance of the down l i n k  t e l eme t ry  and 
voice channels  would be degraded by no more than  about 
1.5 db r e l a t i v e  t o  t h e i r  performance i n  mode A. 

0 
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5. NUMBER AND DEPLOYMENT OF AIRCRAFT 

5.1 Assumptions 

Based on the geometry shown i n  Figure 5 f o r  t h e  case  of two 
a i r c r a f t  covering t h e  9.5-minute i n t e r v a l ,  a n  a n a l y s i s  has 
been made of the number of  a i r c r a r t  that  would be r equ i r ed  
t o  cover  t h e  i n j e c t i o n  oppor tun i t i e s  on a s i n g l e  day, Assump- 
t i o n s  used i n  t h i s  a n a l y s i s  a r e  as fol lows:  

Launch azimuth i s  l imi t ed  t o  the r eg ion  72' t o  108', 
based on Reference 6. 

0 

1. 

2. The maximum spread of launch azimuths on any s i n g l e  
day w i l l  not exceed 2 6 O  (Reference 6 ) .  

3 .  Ground t r a c k s  o f  t h e  f irst  t h r e e  o r b i t s  for launch 
azimuths of 72' a,nd 1080 a r e  a s  shown i n  Figure 6 ,  
These a r e  taken f r o m  Reference 7. Also shown a r e  
l o c i  of i n j e c t i o n  oppor tun i t i e s  throughout a l u n a r  
month, r e f e r r e d  t o  t h e  maximum nor the rn  and southern  
d e c l i n a t i o n s  of the  Moon ("Northern Lunst ice"  and 

Southern Luns t ice") .  These l o c i  r e f e r  t o  the  s tar t  
of the i n j e c t i o n  burn. 
l l  

4. I n j e c t i o n  may occur as e a r l y  as t h e  f i r s t  o r b i t  
i n  t h e  P a c l f i c  Ocean and as l a t e  as the  end o f  t h e  
t h i r d  o r b i t .  

5. A i r c r a f t  can maintain a speed of 450 knots,* 

6. A i r c r a f t  a r e  kept informed, w i t h  n e g l i g i b l e  de lay ,  
of the progress  of t he  launch and of any subsequent 
events  a f f e c t i n g  the l o c a t i o n  and t i m e  of i n j e c t i o n ,  

6"Appollo Operat ional  Nominal T ra j ec to ry  Ground Rules, MSC 
I n t e r n a l  Note No .  6 4 - ~ ~ - 4  by NASA-Manrred Spacecraf t  Center,  
March 14, 1964. 

7''A Study of Ins t rumenta t ion  Ship Requirements f o r  t h e  Apollo 
Program", Bellcomm, Inc. ,  September 14, 1963, 

0 

*Although t h e  c r u i s i n g  speed of t h e  C-135 a i r c r a f t  i s  about 
600 knots ,  i t  i s  assumed here  that  a combination o f  head 
winds, a i r  r e s i s t a n c e  of l a r g e  radomes, and maximum loading  
of t h e  a i r c r a f t  ( f o r  a 7 nm a l t i t u d e )  may limit t h e  maximG.m 
depdndable ground speed t o  450 knots ,  

0 
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When t h e s e  assumptions a r e  app l i ed  i n  conjunct ion  w i t h  t h e  
ground t r a c k s  shown on Figure 6 ,  i t  appears  t ha t  t h e  most 
demanding coverage requirement orz any one day i s  i n  t h e  
v i c i n i t y  of the P a c i f i c  Ocean equator .  T h i s  a r e a  has t h e r e -  
f o r e  been chosen t o  i l l u s t r a t e  a i r c r a f t  coverage concepts  
and c a p a b i l i t i e s ,  More s p e c i f i c a l l y ,  t h e  i n j e c t i o n  burn 
o p p o r t u n i t i e s  on t h e  day corresponding t o  t he  s p a c e c r a f t ' s  
a r r i v a l  a t  t h e  Moor, s i x  days a f t e r  Northern Luns t ice  (NL + 6 )  
have been s e l e c t e d  f o ~  s tudy ,  The launch azimuth l i m i t s  
have been taken as  77' t o  103O, which i s  a 2 6 O  spread cen- 
t e r e d  around goo*, and which  appears t o  pose t h e  g r e a t e s t  
coverage requirement of any 26O spread on the chosen day., 

The r eg ion  s e l e c t e d  f o r  a n a l y s i s  i s  i n d i c a t e d  by t h e  c ross -  
hatched a r e a  on Figure 6. The spread of t r a c k s  f o r  t h e  f i rs t  
o r b i t ,  corresponding t o  launch azimuths of  7 7 O  t o  103O, i s  
shown i n  magnified form i n  Figure 7. Contours are i n d i c a t e d  
f o r  t h e  s tar t  and end of t h e  i n j e c t i o n  burn, and f o r  one 
minute before  and t h r e e  minutes a f t e r  t h e  burn pe r iod ,  The 
l o c a t i o n s  of a number of i s l a n d s  which might s e rve  a s  bases  
f o r  a i r c r a f t  a r e  a l s o  ind ica t ed ,  

A i r c r a f t  coverage has been analyzed f o r  t h r e e  p o s s i b l e  opera- 
t i o n a l  p l ans ,  as follows: 

1. I n j e c t i o n  on any of t h e  f i r s t  t h r e e  o r b i t s ;  

2. I n j e c t i o n  on e i t h e r  t h e  f i r s t  o r  second o r b i t ;  

3. I n j e c t i o n  on e i t h e r  t h e  second o r  t h i r d  o r b i t ,  

I m p l i c i t  i n  t h e  second and t h i r d  p l ans  i s  an  assumption 
t h a t  t h e  choice between them would be  made we l l  enough i n  
advance of t h e  e a r l i e s t  launch t ime t o  permit  optimum de- 
ployment of a i r c r a f t .  I f  it i s  expected that  t h i s  decis ior i  
would not  be made z n t i l  c e a r l y  t h e  t ime of launch, a i r c r a f t  

*The t r a c k s  f o r  90' launch azimuth a r e  not shown on Figure 
0 .  Tiney fail apyroxlmmte~y iiiidway- 1- LE - L - - -  L. w e e 1 1  -.- t h e  tracks r 

f o r  72O and 1 0 8 ~ ~  
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coverage would have t o  be scheduled i n  approximately t h e  same 
manner as f o r  t h e  f i rs t  p l an  i n  o rde r  to cover  t h e  p o s s i b i l i t y  
of choosing e i t h e r  t h e  second o r  t h i r d  o p t i o n s .  

5.2 I n j e c t i o n  on Any o f  F i r s t  Three O r b i t s  

The b a s i c  p a t t e r n  developed t o  cover i n j e c t i o n  o p p o r t u n i t i e s  
on any of t h e  f i r s t  t h r e e  o r b i t s  f o r  a given launch azimuth 
i s  i l l u s t r a t e d  i n  Figure 8. Ground t r a c k s  a r e  shown f o r  a 
launch azimuth of 7700 Successive t r a c k s  a r e  s h i f t e d  westward 
by t h e  amount of t h e  e a r t h ' s  r o t a t i o n  dur ing  one o r b i t  o f  
t h e  s p a c e c r a f t ,  approximately 1-1/2 hours ,  Thus, a t  t h e  
equa to r , t he  t r a c k s  a r e  moved westward approximately 1350 nm 
from one o r b i t  t o  t h e  next.  With t h e  s u r f a c e  coverages f o r  
two a i r c r a f t  a long t h e  burn path,  as i n d i c a t e d  e a r l i e r  i n  
Figure 5, i t  i s  seen t h a t  four  a i r c r a f t  can cover the  t h r e e  
i n j e c t i o n  oppor tun i t i e s .  To accomplish t h i s ,  a i r c r a f t  #2 
must cover  t h e  e a r l y  p a r t  of a f i r s t  o r b i t  i n j e c t i o n  and t h e  
l a t t e r  p a r t  of a second o r b i t  i n j e c t i o n .  There i s  adequate  
t i m e  f o r  t h i s  a i r c r a f t  t o  move between i t s  i n d i c a t e d  p o s i t i o n s  
f o r  t h e s e  two o r b i t s .  S imi l a r ly ,  a i r c r a f t  #3 can cover  t h e  
e a r l y  p o r t i o n  of a second o r b i t  i n j e c t i o n  and t h e  l a t t e r  p a r t  
of a t h i r d  o r b i t  i n j e c t i o n .  
one assignment i n  t h i s  s i t u a t i o n ,  

A i r c r a f t  1 and 4 each have only 

It might be quest ioned whether o r  not two a i r c r a f t  would be 
adequate  t o  cover t h e  s i t u a t i o n  r ep resen ted  i n  Figure 8, one 
covering t h e  e a r l y  p a r t  of t h e  i n j e c t i o n  on each o r b i t ,  t h e  
second covering t h e  l a t t e r  p a r t  on each o r b i t .  It can be 
demonstrated t h a t  t h i s  i s  not p o s s i b l e  when t h e  a i r c r a f t  speed 
i s  assumed l i m i t e d  t o  450 knots.  A i r c r a f t  #l, f o r  example, 
would r e q u i r e  s l i g h t l y  over 2-1/2 hours t o  move f r o m  i t s  
o r b i t  #1 p o s i t i o n  t o  t h e  p o s i t i o n  r equ i r ed  f o r  o r b i t  #2, 
whereas t h e r e i s  only about 1-1/2 hours a v a i l a b l e .  

Ef fec t  of Launch Delay. Assume now tha t  t h e  launch 
i s  he ld .  A s  i t  i s  delayed, the d e s i r e d  launch azimuth changes 
approximately a s  shown i n  Figure 9 (adapted  from Figure 4-1 
of Reference 7 ) .  A l l  p o t e n t i a l  i n j e c t i o n  burn t r a c k s  then  
s h i f t  westward, wi th  t h e  net  e f f e c t  t h a t  t h e  t o t a l  a r e a  over 
which i n j e c t i o n  can occui' i s  g r e a t l y  inc reased .  Tnis i s  ii- 
l u s t r a t e d  by the t r a c k s  f o r  the extreme launch azimuths i n  
F igure  6. A s  w i l l  be seen, the e f f e c t  of launch de lay  i s  t o  
i n c r e a s e  t h e  number of a i r c r a f t  from f o u r  t o  f i v e .  

0 
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When the spread of 26' in launch azimuth (from 77' to 103') 
is comined with the three injection opportunities f o r  each 
launch azimuth, the pattern of injection burn tracks and 
desired aircraft movement becomes rather complex, and it is 
confusing to try to show the entire pattern on one chart. 
An example of the coverage capability of  one aircraft (air- 
craft #2 in the nomenclature adopted here) is given in 
Figure 10. In this illustration, the aircraft is assumed 
initially stationed at the point, S t "  at the time the launch 
window is opened. The dashed lines icdicate the progress 
of the aircraft during its mission. Numerals above a line 
indicate the time availa.ble, in hours and minutes, to move 
from the starting point or a subsequent station to the next 

the time required f o r  the movement, at a speed of 450 knots. 
Approximate total mission times can be gotten by adding the 
appropriate times along successive segments from the assumed 
departure base (Car-ton Is. is indicated in this case) t o  a 
return base. 

' 1  

indicated station. Numerals below a dashed line indicate 

The point "St" on Figure 10 is one hour's flight time west 
o f  the position that the aircraft should occupy if launch 
occurs at the opening o f  t h e  launch window and injection 
occurs on the first orbit. One hour is approximately the 
time required f o r  the Apollo spacecraft to travel from 
Cape Kennedy to this firet injection position. If injection 
does not occur at this first opportunity, the aircraft has 
1-1/2 hours to fly to the position indicated f o r  covering 
the latter portion of the second orbit injection. Actually, 
the latter movement can be accomplished in only about 44 
minutes. If the injection does not occur on the second 
orbit, the aircraft is of no further use on this day. 

The movement just described applies when launch occurs at the 
opening of the launch window, t = 0, and the launch azimuth 
is 77'. Assume, now, that the launch is delayed. As soon as 
the aircraft is informed of this fact, it should start flying 
westward along the dashed l i n e  from the point llSt". With the 
passage of time from t = 0, the required launch azimuth a l s o  
changes (see Figure 9) and the potential injection positions 
m v e  westwarc? at a rate approximately twice that of the air- 
craft. If the launch occurs at any time up to t = 1 hr., 
45 minutes, the relative movements of the aircraft and the 
injection tracks are such that the aircraft has time to cover 
the early part of a first orbit injection or, subsequently, 
the latter part of a second orbit injection. The launch 
azimuth at t = 1:45 would be about goo. 
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I f  launch i s  delayed beyond t = 1:45, a i r c r a f t  #2 can no 
longer  keep up with the  westward movement of t h e  i n j e c t i o n  
t r a c k s .  However, as may be seen from Figure 10, t h i s  a i r -  
c r a f t ' s  p o s i t i o n  a t  t = 1:45 i s  s t i l l  some d i s t a n c e  west 
of the p o s i t i o n  r equ i r ed  t o  cover t h e  l a t t e r  p a r t  of a f i r s t  
o r b i t  i n j e c t i o n .  ( A i r c r a f t  #1 has  c a r r i e d  t h i s  assignment 
f o r  launch azimuths up to goo, and i n  f a c t  i s  a b l e  to con- 
t i n u e  doing so f o r  launches up t o  about 92' azimuth before  
i t  i s  oyer-hauled by t h e  westward movement of t h e  i n j e c t i o n  
t r a c k s . )  A t  about t = 1:45, assuming t h e  launch i s  s t i l l  
being he ld ,  a i r c r a f t  # 2 I s  assignment should be changed t o  
t ake  over t h e  l a t t e r  p a r t  of a f i r s t  o r b i t  i n j e c t i o n .  I t s  
f l i g h t  p a t h  should now be a l t e r e d  as shown on Figure 10, 
t ha t  i s ,  it should begin heading toward the  f i n a l  p o s i t i o n  
f o r  a launch azimuth of lO3O. From any po in t  on t h i s  pa th ,  
a i r c r a f t  #2 can reach t h e  des i r ed  p o s i t i o n  f o r  covering the 
l a t t e r  par& of a f i r s t  o r b i t  i n j e c t i o n ,  f o r  launch azimuths 
between 92 and 103O. 

It may be noted that  i f  t h e  a i r c r a f t  were not i n i t i a l l y  
s t a t i o n e d  west of t h e  f i rs t  o r b i t  i n j e c t i o n  t r a c k  i n  " a n t i c i -  
pa t ion"  of a delayed launch, it would be able t o  cover only 
a r e l a t i v e l y  narrow spread of p o s s i b l e  launch azimuths b e f a r e  
being overtaken by t h e  westward movement of t h e  p o t e n t i a l  
i n j e c t i o n  p o s i t i o n s .  

The deployment of o t h e r  a i r c r a f t  has  been worked out i n  a 
similar f a sh ion .  A summary of t h e  coverage provided by 
each I s  given i n  Table 13. Also l i s t e d  a r e  suggested depar-  
t u r e  and r e t u r n  bases  f o r  each a i r c r a f t ,  and t h e  approximate 
maximum mlssion t imes that  would r e s u l t  i f  t h e s e  bases were 
used,  

5.3 I n j e c t i o n  Limited to F i r s t  o r  Second O r b i t  

Assuming i t  can be determined well i n  advance of t h e  scheduled 
launch t ime that i n j e c t i o n  w i l l  occur on e i t h e r  t h e  f i r s t  o r  
second o r b i t s ,  i t  can be seen from Table 13 t h a t  fou r  a i r c r a f t  
can provide t h e  necessary coverage, Thei r  ass ignments  would 
be i d e n t i c a l  t o  those  l i s t e d  i n  the table  f o r  o r b i t s  1 and 2. 

0 
It should be emphasized tha t  the smal le r  number of a i r c r a f t  
r e q u i r e d  under t h i s  p l an  and under the fo l lowing  p l an  is 
p o s s i b l e  only if t h e  d e c i s i o n  regard ing  t h e  i n j e c t i o n  oppor- 
t u n i t i e s  i s  made s u f f i c i e n t l y  e a r l y  t o  al low deployment of 
the a i r c r a f t  t o  t h e i r  proper  depar ture  bases .  
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5.4 Injection Limited to Second or Third Orbit 

When injection is to be restricted to the second or third 
orbits, there is approximately a 1-1/2 hour time advantage 
available for moving aircraft to their initial assignments, 
relative to the case when a first orbit injection must also 
be covered. This is enough to reduce the required number 
of aircraft to three, as indicated in the top half of Table 
14. However, some of the maximum mission times can approach 
10 hours when only three aircraft are used. The bottom half 
o f  Table 14 indicates the assignments and maximum mission 

0 

times that would apply if four aircraft were used instead 
of three. 

5.5 Departure and Return Bases for Aircraft 

As is evident from the illustration of Figure 10 and the 
data in Tables 13 and 14, an extremely important factor in 
total mission time is the availability of suitable takeoff 
and landing points, If operations were restricted to the 
larger, well-developed bases like Hawaii and Guam, some of 
the required mission times almost surely would be greater 
than the capability of C-135 type jet aircraft. In general, 
the bases indicated in Tables 13 and 14 have been selected 
to require minimum time to reach initial station assignments, 
but it is not known whether all the bases listed can accom- 
modate jet aircraft. Preferred return bases have been chosen 
as those where good communication facilities to the U.S. 
should be available. Since these are in many cases several 
hours flight time from an aircraft's coverage assignment, 
it might be considered preferable to land at a base having 
poorer communication facilities in order to shorten the total 
flight time. 

5.6 Coverage on Successive ~ a y s  

If an Apollo launch is held from one day to the next, the 
injection opportunities move northeastward along the parking 
orbit tracks as indicated on Figure 6. The spread in latitude 
between the loci of injection burns from day to day becomes 
progressively smaller, while the spread in longitude covered 
by each locus is relatively constant. Furthermore, there is 
slightly more time between launch and the first injection 
opportunity during which to move aircraft. These are the 
bases for the earlier statement that the coverage reauirements 
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nea r  t h e  equator  appear  to be  the most demanding. 
tha t  the a i r c r a f t  requirements  on o t h e r  days of t h e  month 
probably would be  no g r e a t e r  than  on the day chosen f o r  analy-  
s i s ,  NL + 6. However, i t  i s  f e l t  t h a t  a more d e t a i l e d  s tudy 
of t h e  coverage on s e v e r a l  o the r  days dur ing  t h e  month even- 
t u a l l y  would be worthwhile t o  confirm t h i s  conclusion,  and 
i n  any event such a study i s  needed t o  determine t h e  s p e c i f i c  
a i r c r a f t  deployment f o r  each day, 
one should take i n t o  account t h e  fo l lowing  f a c t o r s :  

It follows 

I n  conduct ing such a s tudy,  

1. 

2 .  

3 .  

4. 

The launch azimuths a p p r o p r i a t e  to a p a r t i c u l a r  day; 

A v a i l a b i l i t y  of s u i t a b l e  a i r  bases  i n  t h e  a r e a  
under cons ide ra t ion  f o r  a given day (conceivably,  
a d d i t i o n a l  a i r c r a f t  might be  needed on some days 
t o  reduce mission t imes t o  accep tab le  l e n g t h s ) ;  

Time a v a i l a b l e  to move a i r c r a f t  from one base t o  
another  on successive days; 

Supplementary coverage tha t  might be provided by 
land s t a t i o n s  o r  ships .  
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LAUNCH AZIMUTH V S  TIME 
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APPENDIX A 

RECORDING SYSTEM 

PRE-DETECTION VSe POST-DETECTION 

This appendix reviews t h e  merits of p re -de tec t ion  and 0 
p o s t - d e t e c t i o n  recorder-reproducers  and concludes t h a t  
t h e  former i s  more s u i t a b l e  f o r  t h e  a i rbo rne  a p p l i c a t i o n .  
It a l s o  con ta ins  t h e  r e s u l t s  of a b r i e f  survey of e x i s t -  
ing,  magnetic tape ,  p re -de tec t ion  r e c o r d e r s ,  

Since immediate a n a l y s i s  of the  s i g n a l s  from t h e  spaceve- 
h i c l e  i s  not  requi red ,  i t  i s  n o t  necessary t o  provide 
demodulation, baseband terminal ,  o r  d a t a  process ing  
equipment i n  t h e  a i r c r a f t .  T h i s  makes it p o s s i b l e  t o  
employ t h e  p re -de tec t ion  recording process  i n  t h e  a i r c r a f t ,  
t h u s  provid ing  a f a i r l y  obvious advantage: t h e  amount of 
equipment t o  be c a r r i e d  i n  t h e  a i r c r a f t  i s  much sma l l e r  
t han  f o r  pos t -de t ec t ion  recording techniques.  A decrease 
i n  t h e  q u a n t i t y  of equipment should inc rease  t h e  opera- 
t i o n a l  range and on - s t a t ion  time of t h e  a i r c r a f t .  These 
a r e  important  f a c t o r s  when consider ing t h e  deployment of 
an a i r c r a f t  f o r  t h i s  p a r t i c u l a r  mission,  

Another major  advantage of p re -de tec t ion  record ing  i s  
t h a t  i t  provides  an opportuni ty  t o  employ optimum 
demodulation* techniques on the record ings  a t  a ground 
s t a t i o n .  On the ground t h e r e  a r e  not t h e  space,  and 
hence equipment, l i m i t a t i o n s  which might r e s t r i c t  one t o  
simple demodulation techniques,  Such techniques n e c e s s i t a t e  
some demodulation loss r e l a t i v e  t o  t h e  optimum t h a t  might 
be obtained w i t h  more soph i s t i ca t ed ,  and u s u a l l y  more 
complicated,  equipment The p o s s i b i l i t y  of a d j u s t i n g  t o  
t h e  demodulation technique t h a t  i s  most e f f e c t i v e  i n  com- 
b a t i n g  t h e  propagat ion condi t ions  under which t h e  s i g n a l  
was recorded i s  very appealing, Certainly some a n a l y s i s  
o f  t h e  record ing  on t h e  ground would produce some charac- 
t e r i s t i c s  of  t h e  s i g n a l  t h a t  would assist  i n  s e l e c t i n g  the 
b e s t  means of e x t r a c t i n g  t h e  s i g n a l  from t h e  modulated 
c a r r i e r .  For in s t ance ,  t h e  Doppler s h i f t  of t h e  s i g n a l  
might be a s c e r t a i n e d  and the c e n t e r  f requency of t h e  
r e c e i v e r  might be programmed t o  account f o r  i t ,  T h i s  would 
enable  one t o  keep t h e  no i se  bandwidth wi th in  t h e  I F  s i g n a l  
bandwidth. 

*"Demodulation" i s  used i n  a broad sense;  " s igna l  r e t r i e v a l "  
might be a more d e s c r i p t i v e  term, 
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Pr imar i ly  from t h e  viewpoint noted above, advocates  of 
p re -de tec t ion  record ing  techniques po in t  out t h a t ,  w i t h  
such techniques,  t h e  output s igna l - to -no i se  r a t i o  can be 
improved over what would normally be achieved i n  a 
s t anda rd  t e l eme t ry  r e c e i v e r ,  A s  much a s  3 db of "system 
th resho ld  improvement'' I s  quoted when optimum demodulation 
i s  used,  One manufacturer claims t h a t  even when a s tandard  
r e c e i v e r  i s  used a s  t h e  demodulator f o r  t h e  pre-de tec t ion-  
reproduct ion  process ,  a 6 db improvement i n  t h e  FM th resho ld  
of s a b c a r r i e r s  on FM/FM systems was provided i n  eva lua t ion  
t e s t s ,  T h i s  improvement was a t t r i b u t e d  t o  t h e  f a c t  t h a t  
t h e  s i g n a l  was passed through the  r e c e i v e r  I F  l i m i t e r  s t a g e s  
two t imes:  once dur ing  t h e  recording process  and t h e  
second time dur ing  t h e  reproduce process ,  The conclusion 
f rom t h e  above seems t o  be t h a t  s tandard  t e l eme t ry  r e c e i v e r s  
a r e  no t  designed t o  provide optimum d e t e c t i o n  of every 
s i g n a l ,  Hence, t h e  p r e - d e t e c t i o r  record ing  and reproduct ion  
technique along w i t h  optdbmum demodulation a t  a ground s t a -  
t i o n  might provide a 6 d b  kmprovement i n  p re sen t  system 
opera t ion .  

0 

0 

Another advantage p o i c t e d  out by t h e  manufacturer  i s  t h a t  
p re -de tec t ion  systems have an inhe ren t  immunity from t ape  
dropout caused by irPegiLLarit ies bn t h e  magnetic p r o p e r t i e s  
of t h e  t a p e ,  They r e p o r t  t h a t  data can be recovered even 
dur ing  a 90 p e r  cent  t a p  dropoat., They a l s o  Rote t h a t  the 
dropout must be l a r g e  enough to cause l o s s  of 4 t o  6 cyc le s  
o f  t h e  c a r r i e r  before  degradat ion t o  the data occurs .  

Opera t iona l ly ,  p re -de tec t ion  provides  a v e r s a t i l i t y  and 
f l e x i b i l i t y  that  pos t -de t ec t f en  car,r,ot; f o r  example, most 
t e l eme t ry  s i g n a l s  can be recorded on a pre-detection b a s i s  
without  s p e c i a l  concern f o r  the  format of t h e  d a t a  messages, 
A i r c r a f t  s o  instrGmen5ed could be used f o r  a v a r i e t y  of 
missions and pro:ects, 

RECORDER SPEED AND BANDWIDTH 

The cons ide ra t ions  above l ead  t o  the  conclusion tha t  
p r e - d e t e c t i o n  record ing  has  many d e s i r a b l e  advantages,  
b u t  t h e  questior:  s t r l l  Perna-Pm, ''Will i t  meet t h e  r equ i r e -  
ments f o r  the a i rbo rne  recording of t h e  Apollo spacevehic le  I s  
communications," 
t h e  c a p a b i l i t i e s  of p re -de tec t ion  record ing  equipment 
Table  A - 1  de sc r ibes  f i v e  recorder-reproducers  on which 
in fo rma t ion  was r e a d i l y  a v a i l a b l e ,  The c h a r a c t e r i s t i c s  
no ted  a r e  those  which have a d i r e c t  bear ing  on t h e  genera l  
f l e x i b i l i t y  of t h i s  p a r t i c u l a r  appl ica tPcn ,  
c h a r a c t e r i s t i c s ,  such a s  pGwer requirements ,  weight,  
o p e r a t i n g  temperature  range, wow and f l u t t e r ,  dynamfc skew, 
rewind t ime, i npu t  and output  l e v e l s ,  e t c ,  w i l l .  have t o  be 
considered i n  t h e  d e t a i l e d  engineer ing phase,  

0 
T h e  answer t o  t h i s  comes from a survey of 

Other 



A - 3  

It i s  found t h a t  each of them can record  up t o  1 4  channels  
s imultaneously (on one inch  t ape )  and t h i s  i s  more than  
adequate f o r  t h e  e leven- t rack  requirement e The minimum 
record ing  time f o r  the recorder-reproducers  i s  1 2  minutes, 
which i s  ample f o r  t h e  maximum r a d i o  con tac t  per iod  o f  
9-1/2 minutes.  Mylar t a p e  of o m  m i l  t h i c k n e s s  (9,000 f e e t  
on 14" r e e l s )  would have t o  be used on t h e  F a i r c h i l d  L-4000 
t o  provide adequate laecording t ime,  However, a11 o t h e r  
equipmerits could use e i t h e r  l-1/2 m i l  (7200 f e e t  an 14" 
r e e l s )  o r  one m i l  t a p e ,  

The bandwidth c a p a b i l i t y  of the  record ing  channels  i n  t h e  
s e v e r a l  equfpments i s  about l 0 5  me and t h i s  i s  s u f f i c i e n t  
f o r  a l l  of t h e  VHF channels  ar,d t h e  IU S-band channel ,  I n  
the  case  of the CSM Unlfied S-bar,d system, one s t e p  o f  
demodulation i s  requi red  t o  reduce t h e  s i g n a l  bandwidth 
below 1.5 me. The IR1.G Telemetry Standards Revised June, 
1962, s t a t e s  t h a t  the  bandwidth of t h e  modulated c a r r i e r  
f r o m  a t e l eme t ry  t r a n s m i t t e r  i n  t h e  band 216 t o  260 mega- 
c y c l e s  sha l l  not exceed 500 kc.  Channel a l l o c a t i o n s  a r e  
based on t h i s  premise,  Therefore,  t h e  1,5 me bandwidth 
r epor t ed  f o r  t h e  recorder-reproducers  l i s t e d  i n  Table A - 1  
i s  more than  adequate f o r  k m d l i n g  t h e  VHF arid t h e  IU 
S-band channels  e 

a 

The case  of t h e  Unif ied S-band System i s  another  s t o r y ,  
p r i n c i p a l l y  because we m a 5  examine each of t h e  p o s s i b l e  
modes of ope ra t ion  and determine the c h a r a c t e r  of i t s  
frequency spectrum, I n  mode F (emergency vo ice )  t h e  
c a r r i e r  i s  d i r e c t l y  f requency modulated by the voice w i t h  
a modulation index of k,O r)adian. According t o  Carsonis  
r u l e ,  t h e  approximate RP,, o r  IF, bandwidth is: 

= 2 b ( M - t l )  BIF 

where 'c = width of? basebar,d, 3 kc 
and M = n~dwia t , i oy~  h d e x  

With a voice baseband of" t h ree  kc, t h e  mlnimum bandwidth 
of t h e  spectrum would be 1 2  kc.  Even w i t h  a l a r g e  allowance 
I fnvr VI t h e  DGppler e f f e c t  when z o r ~ m n i e a t i n g  w i t h  f a s t  moving 
o b j e c t s  t h i s  bandwidth can e a s i l y  be accommodated on t h e  
t a p e  r eco rde r ,  

a 
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the cases  of modes A arid B-1. t h e  h ighes t  
50 kc) must be used t o  es t imate  L e  'bandw 

s u b c a r r i e r  
d th .  T h i s  

s u b c a r r i e r  i s  t o  be frequency modulated by t h e  3 kc voice 
baseband w i t h  a modulation index of 2,50 r ad ians  ( % h a t  i s ,  
a peak frequency d e v i a t i o n  of 7.5 k c ) .  
r u l e  again,  t h e  s i g n a l  bandwidth would be about 21 kc and 
would extend from 1239.5 kc t o  1260.5 kc.  The l a t t e r  
value r ep rese rL t s  the  h ighes t  f reqzency i r l  t h e  s u b c a r r i e r ' s  
spectrum. Ir, modes A a r d  B-1, t h e  main c a r r l e r  i s  t o  be 
phase modulated by t h e  s u b c a r r i e r s  and the  ranging s i g n a l  
a t  low modulation i n d i c e s ,  A l l  s i g r d f i c a n t  compor,ents of t h e  
RF spectrum w i l l  be contair?ed wbthin a band equal  t o  two 
baseband widths CP each s i d e  of t h e  c a r r i e r .  T h l s  amounts 
to about f l v e  me and I s  well  beyond t h e  c a p a b i l i t i e s  of t h e  
record ing  equipment However, a f t e r  one s t e p  of demodulation 
the mult iplexed s u b c a r r i e r  baseband (h ighes t  f requency about 
1.26 me) f i t s  wi th in  t h e  frequence response s p e c i f i c a t i o n  of 
a l l  except  one r eco rde r ,  Hence, S-band s i g n a l s  from t h e  CSM 
w i l l  r e q u i r e  a phase demodclator i n  t h e  a i r c r a f t .  

Using Carson 's  0 

0 

Since  t h e  modulated s i g n a l  has a riumber of components w i t h  
d e f i n i t e  phase r e l a t i o n s h i p s  between them, and p a r t i c u l a r l y  
s i n c e  t h e  h ighes t  S-band s i g c a l  compc,-ents come c l o s e  t o  
the upper  edge of t h e  record-reproduce frequence response 
bandwidth (1.5 me), t h e  envelope de lay  d i s t o r t i o n  of t h e  
recorder-reproducer  must b e  kept cnder  c m t r o l  A t  t h e  
time of the survey only one envelope delay cw-ve was a v a i l -  
ab l e  (CMLOO) . Althovigh no d i f f i c u l t i e s  a r e  a r k i c i p a t e d  i n  
ob ta in ing  an adequate envelope de lay  d l s t o r t i o n  c h a r a c t e r i s -  
t i c ,  t h i s  should be examined in mare d e t a i l ,  
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